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Traditional detection methods for protein tumor markers in the early screening of breast cancer are restricted by complicated operation procedures and unstable reproducibility. As one of alternative emerging tumor markers, exosomes play an important role in diagnosing and treating cancers at the early stage due to traceability of their origins and great involvement in occurrence and development of cancers. Herein, a washing-free and efficient fluorescent biosensor has been proposed to realize simple and straightforward analysis of breast cancer cell-derived exosomes based on high affinity aptamers and G quadruplex-hemin (G4-hemin). The whole reaction process can be completed by several simple steps, which realizes washing-free and labor-saving. With simplified operation procedures and high repeatability, the linear detection range for this developed fluorescent biosensing strategy to breast cancer cell-derived exosomes is from 2.5 × 105 to 1.00 × 107 particles/ml, and the limit of detection is down to 0.54 × 105 particles/ml.
Keywords: exosomes, fluorescence biosensing, aptamer, G4-hemin, tumor diagnosis
INTRODUCTION
Breast cancer has been the number one killer of women’s health in recent years (Jordan, 2020; Houghton and Hankinson, 2021). Diagnosis of tumors usually relies on tissue biopsy in clinical, which requires very complex operation and may cause great harm to patients. Restricted by the complex operating procedures and instability of output results from current clinical detection methods, the reference value of marker proteins detection results, such as human epidermal growth factor receptor 2 (HER2) in the early screening of breast cancer has been reduced (Lamtha et al., 2021; Tang et al., 2021). Therefore, conceiving new detection strategies to make up for the deficiencies and achieve more effective early screening and diagnosis of breast cancer is an urgent problem. Liquid biopsy, as a promising approach, can detect tumor markers from blood, saliva, urine and other body fluids, avoiding the injury caused by surgical operation and puncture to patients. Current methods of liquid biopsy mainly include circulating tumor cell (CTC), circulating tumor DNA (ctDNA), exosomes, and extracellular free nucleic acids (Kilgour et al., 2020; Ahmadi and Rezaie, 2021). Exosomes (30–150 nm) are extracellular vesicles secreted into body fluids by various living cells and involved in signal transmission and regulation. In recent years, exosomes have gradually become one of the most popular biomarkers for liquid biopsy due to the fact that they contain a variety of genetic materials from parental cells and their high participation in the occurrence and development of various diseases (Li et al., 2019b; Shen et al., 2020). Cells are stimulated to secrete more exosomes, far more than in normal physiological states. Moreover, overexpressed tumor-specific proteins are also present on the surface of tumor cell derived exosome membranes (Liang et al., 2020; Rezaie et al., 2022; Vahabi et al., 2022). Tumor cell-derived exosome specific protein or RNA markers can be used to indicate tumor development and invasion degree. Compared to other liquid biopsy targets such as CTC and ctDNA, exosomes are more abundant and stable due to the vesicles protection, which benefit to overcome the problem of easy degradation (Ignatiadis et al., 2021). Thanks to all above characteristics, exosomes undoubtedly become one of the biomarkers worthy of in-depth study and have far-reaching significance for early screening, preventive diagnosis and treatment of tumors.
Researchers have conceived a number of strategies to detect tumor cell-derived exosomes based on various detection platforms, such as electrochemistry (Huang et al., 2019), electrochemiluminescence (Li et al., 2021b), immunoassay (Wang et al., 2021) and thermophoresis (Timson, 2019), all of which obtained satisfactory detection results. However, these methods often require complicated and time-consuming washing steps, which make it difficult to guarantee the integrity of exosomal membranes and the repeatability of the experiment. In addition, most of these methods need to be tested by professionals on expensive ancillary equipment, which further increases capital and labor costs. Therefore, it is necessary to propose a new detection method to make up for the deficiencies of existing methods and achieve simple, cheap and sensitive detection of exosomes. Fluorescence detection is a natural luminescence reaction with extremely high sensitivity and wide linear range (Zhang et al., 2019; Huang et al., 2020). As a benefit from this, the interference of non-fluorescent components can be considerably avoided, which is the optimum choice for most trace target analysis (Casto-Boggess et al., 2022). Traditional fluorescence detection methods mostly use ready-made peroxidases such as HRP (Lu and Xu, 2019; Heo et al., 2021) and ALP (Han et al., 2020; Wu et al., 2022) to catalyze the substrate such as tyramine (Zhang et al., 2020a; Kang et al., 2020) and thioflavin T (Wu et al., 2018; Pramanik et al., 2021) to output fluorescent signals. The disadvantages of this method lie in that the enzyme protein is relatively unstable and has harsh requirements on reaction conditions, which make researchers turn their attention to the G4-hemin biomimetic enzyme (Li et al., 2021a; Huang et al., 2021). The advantages of G4-hemin are excellent catalytic performance, high structural flexibility and stability (Cao et al., 2020; Chen et al., 2020). Moreover, Just like G4-hemin, aptamer is one of the functional nucleic acids that can bind with corresponding ligand with high affinity and strong specificity, and is also a frequent visitor in the field of biosensing research (Connelly et al., 2021; Daems et al., 2021; Nakatsuka et al., 2021).
Herein, we proposed a simple and easy-to-operate biosensing strategy for efficient detection of breast cancer cell-derived exosomes based on fluorescence platform. First, in this strategy, we combined the high specificity of aptamer with excellent catalytic performance of G4-hemin through sophisticated structural design of the bicyclic capture probe. In addition, the whole reaction process requires only streamlined sample addition and no complicated washing steps are needed, which greatly saves time and labor costs. The washing-free and simple operation steps realize the highly sensitive detection of breast cancer cell-derived exosomes, which not only solves the problem of low repeatability in traditional detection methods, but also reduces the requirements for equipment and has the potential for clinical promotion.
EXPERIMENTAL
Reagents and Materials
Fetal Bovine Serum (FBS) and Dulbecco’s Modified Eagle Medium (DMEM) were offered by Gibco (Gaithersburg, MD, United States, https://www.thermofisher.com). Phosphate buffer (PBS) was supplied by Thermo Fisher Scientific (Wilmington, United States, https://www.thermofisher.com). Monoclonal antibodies such as anti-CD63, anti-CD9 and anti-HER2 were obtained from Abcam (MA, United States, https://www.abcam.cn), and polyclonal antibody of HRP rabbit IgG were purchased from Beyotime (Jiangsu, China, https://www.beyotime.com). All of these antibodies were dissolved in 0.1% bovine serum albumin (BSA) solution. Hemin and tyramine were supplied by Sigma-Aldrich (St. Louis, United States, https://www.sigmaaldrich.com). We prepared dimethyl sulfoxide (DMSO) as stock solution to dissolve pure hemin, and then utilized HEPES (NaCl 200 mM, KCl 100 mM, DMSO 1%, Triton 0.05%) buffer solution to dilute the above hemin solution to different concentrations. Analytical reagent grade chemicals were utilized all through the experiment. As shown in Supplementary Table S1, all of the oligonucleotides were purified by high performance liquid chromatography. Next, the 30% hydrogen peroxide (H2O2) was supplied by Sangon Biotech. Co., Ltd. (Shanghai, China, https://www.sangon.com). We utilized the buffer of Tris-EDTA (TE) to dissolve and dilute all of the needed oligonucleotides for its suitable PH value and ion components. Lastly, we used the aqueous solutions supplied by the Millipore Milli-Q gradient ultrapure water system (Millipore Co., MA, United States, https://www.merckmillipore.com) all over the experiment.
Instruments
Fluorescence detections were carried out on a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, United States, https://www.agilent.com). Transmission Electron Microscope (TEM) image, Nanoparticle Tracking Analysis (NTA), the SDS-PAGE and gel imaging analysis for the characterization of tumor cell-derived exosomes was supported by H-7500 transmission electron microscope (Hitachi High-Technologies Co., Japan, https://www.hitachihightech.com), ZetaView (Particle Metrix, Germany, https://www.particle-metrix.com), electrophoresis analyzer and ChemDoc XRS (Bio-Rad, United States, https://www.bio-equip.com), respectively.
Extraction Procedures for Exosomes
We obtained several needed tumor cell lines as the control subjects, such as SK-BR3, HeLa, MCF-7, LNCaP and HepG2 from the American Type Culture Collection (ATCC) (Rockville, United States, https://www.atcc.org). After addition of 1% streptomycin and penicillin and 10% FBS, the cell culture medium named Dulbecco’s Modified Eagle Medium (DMEM) was used all over the experiment for tumor cell culture. All cells were cultured in a sterile environment throughout the whole process, and appropriate timing was selected for passage and cryopreservation according to the speed of cell growth and reproduction. We observed the growth state of the cells and when they grew well and covered about 80% of the culture dish, and then we reduced the nutrients from the cells and performed starvation culture. When the cells propagated in serum-free medium for 48 h, we proceeded to the next process of extracting exosomes. The cells were stressed in a nutrient-deficient growth environment and secreted far more exosomes than normal cells, so we got increased production of exosomes. Then we started the extraction process for exosomes (Zhang et al., 2020b). First, the cell culture medium for starvation culture was collected and centrifuged (10,000 ×g, 30 min) for preliminary purification to remove impurities such as cell debris with a large mass. The collected supernatant was then subjected to ultracentrifugation (100,000 ×g, 70 min) twice to continue purification of exosomes. It was critical to resuspend the pellet between the intervals of twice ultracentrifugation. After the first ultracentrifugation, the supernatant was discarded. Then, after adding 1 × PBS solution, the precipitate was resuspended before the second ultracentrifugation. Then, after the second ultracentrifugation, the supernatant was also discarded, and 100 μl 1 × PBS was added to resuspend the obtained exosome pellet. The step for extracting exosomes from clinical serum samples required an additional procedure on the basis of the above process. In general, the final exosome solution needed to be passed through a 0.22 μm filtration membrane to minimize the interference of other free-floating proteins and extracellular vesicles. The whole extraction process was carried out at 4°C to prevent exosome degradation. Finally, the extracted exosomes were characterized by TEM, NTA and western blot, and then stored at −80°C. The clinical samples were collected from the Affiliated Drum Tower Hospital of Nanjing University Medical School.
Fluorescent Biosensing of Exosome
For exosome recognition, 2 μl target exosome with various concentrations was added to a 97 μl reaction mixture containing 165 nM of G4 hairpin capture probe, and incubated at 37°C for 60 min. Then, hemin (98 μl, 154 nM), tyramine (2 μl, 160 mM), and freshly prepared H2O2 (1 μl, 200 mM) was added to the reaction mixture and reacted at room temperature for 10 min for G4-hemin biosensing. Finally, we scanned the above reaction products with a voltage of 600 V, and obtained the fluorescence emission spectrum between 330 and 500 nm under excitation wavelength of 320 nm.
RESULTS AND DISCUSSION
Design of Fluorescence Biosensor
The principle for detecting breast cancer cell-derived exosomes is shown in Scheme 1. First, the bicyclic capture probe was obtained by heating and annealing. The exosomes used in the experimental verification stage were extracted from cultured tumor cells by traditional ultracentrifugation. Different concentrations of exosomes were added to the capture probe solution, and the double rings were opened by the high affinity between the aptamer and HER2 protein over-expressed on the membrane of the SK-BR3-derived exosomes (Liu et al., 2019; Vajhadin et al., 2022). The terminal G4 sequence was exposed while tightly capture exosomes. After full reaction, hemin was added to generate G4-hemin catalytic enzyme. The best catalytic state was achieved by adjusting the optimal concentration ratio. Then, the addition of tyramine incited the catalysis of G4-hemin to output a fluorescent signal (Li et al., 2019a; Wang et al., 2020). Quantitative detection of exosomes was achieved by the fluorescence intensity. The highlight of this strategy is integration of target recognition, capture and signal output, which is reasonably reflected in the ingeniously designed bicyclic capture probe. More importantly, the washing-free and streamlined sample addition steps ensure the facile and efficient detection of breast cancer cell-derived exosomes.
[image: Scheme 1]SCHEME 1 | Schematic diagram of principle for detection of tumor cell-derived exosomes.
Characterization of Exosomes
We chose Transmission Electron Microscope (TEM), Nanoparticle Tracking Analysis (NTA) and western blot to characterize the appearance, morphology and particle size distribution of the extracted breast cancer cell-derived exosomes, as shown in Figure 1. It can be seen from the TEM image on the left (Figure 1A) that the extracted exosomes were circular or elliptical vesicles with a double layer membrane. Meanwhile, we learned from the NTA characterization graph (Figure 1B) that the size of the extracted exosomes was mostly distributed between 75 and 200 nm, concentrated around 100 nm, which was consistent with information reported in the literatures (Le and Fan, 2021; Zhang et al., 2021). In addition, taking an authoritative literature as a guideline (Théry et al., 2018), we also performed western blot experiments to characterize common markers (CD63, CD9) and the specific marker HER2 on the membrane of SK-BR3 cell-derived exosomes. It can be seen from Figure 1C that these proteins are enriched in the target exosome membrane, which indicates the successful extraction process and supports the reliability of subsequent experiments.
[image: Figure 1]FIGURE 1 | Characterization of SK-BR3 cell exosomes by TEM (A), NTA (B) and Western blot (C), respectively. Scale bars = 200 nm. Cell lysate was set as a reference.
Feasibility of Developed Biosensor
We then further verified the feasibility of this biosensor. As shown in Figure 2, the color of the solution changed only when the exosomes were present, from colorless to purple (Figure 2A), and a strong fluorescent signal was produced (Figure 2B). By contrast, the color of the blank control did not change and the fluorescence signal was almost negligible, which indicates that only the target exosomes can open the bicyclic capture probe to release the G4 sequence. Thanks to the high specificity of aptamer and excellent catalytic performance of G4-hemin, the facile and sensitive detection of breast cancer cell-derived exosomes was achieved successfully. At the same time, the washing-free and simple operation procedure improved the reproducibility and repeatability of this detection method, broadening the future application range.
[image: Figure 2]FIGURE 2 | Brief schematic (A) and fluorescence emission spectra (B) of fluorescent biosensing protocol in the detection of exosomes.
Optimization of Experimental Parameters
In order to achieve the best experimental results, we optimized a series of experimental conditions. First, the bicyclic capture probe was one of the most important components in this program, and its concentration had a significant impact on the signal output. Thereafter, we compared the fluorescence signals obtained from experiments using a range of probe concentrations. By observing Figure 3A, we can see that, when the probe had a concentration of 80 nM the obtained fluorescence signal was highest, and the signal-to-noise ratio also reached the maximum. When the concentration of the capture probe was further increased, the gradually enhanced steric hindrance limited the catalytic efficiency of G4-hemin to a certain extent, resulting in a decrease in the fluorescence intensity. Therefore, we chose 80 nM as the capture probe’s optimal concentration for follow-up experiments. Next, the influence of hemin concentration cannot be ignored. The existence of hemin directly determines the formation and catalytic performance of G4-hemin (Ahmadi et al., 2021), which is an important key point of signal output in this scheme. It can be seen from Figure 3B that, only the 75 nM concentration of hemin obtained the highest signal and largest signal-to-noise ratio, so it was selected as suitable concentration. Additionally, in order to provide a resource-rich environment for maximum catalytic effect of G4-hemin, it was necessary to optimize the concentration of reaction substrate tyramine. We learned from Figure 3C that, too low tyramine concentration cannot meet the substrate requirements of the catalytic reaction, while too high tyramine concentration will also have a certain inhibitory effect on the catalytic reaction of G4-hemin. Therefore, according to the experimental results, to achieve the best signal output, the concentration of tyramine should be controlled to 1.6 mM. Finally, we also optimized the reaction time after adding the exosomes. It can be seen from Figure 3D that, when the reaction time was 60 min, the fluorescence signal and signal-to-noise ratio were both the highest, but when the reaction time was set for 45 min, the signal and signal-to-noise ratio obtained were hardly the same as the best state. After weighing the pros and cons, choosing a reaction time of 45 min was more efficient and time-saving.
[image: Figure 3]FIGURE 3 | Optimizations of experimental concentrations of (A) capture probe, (B) hemin, (C) tyramine, and (D) required reaction time for capture probe and exosomes, respectively.
Analytical Performance of Fluorescent Biosensor
To explore the analytical performance of this method, we carried out linear research subsequently. As shown in Figure 4A, after plenty of different concentrations of exosomes were detected, a set of fluorescence signals was also obtained. Through analysis, we learned that, the intensity of the fluorescence signal was positively correlated with concentration of target exosomes. Moreover, Figure 4B was a linear fitting for the fluorescence signal obtained in Figure 4A and the corresponding exosomal concentrations, which shows that there was a good linear correlation between them. We obtained the regression equation between the exosome concentration (X) and corresponding fluorescence signal (Y) by linear fitting as Y = 3.1432 X + 76.459, with a correlation coefficient (R2) of 0.9964. Then, according to the 3σ rule, which was defined as the mean value plus 3 times standard deviation of the blank (n = 3), the limit of detection (LOD) for exosomes was calculated to be 0.54 × 105 particles/ml, comparable with other analytical methods (Karczmarczyk et al., 2016). Such a satisfactory detection performance was mainly attributed to the highly specific binding of the aptamer to the exosomal membrane protein and excellent catalytic performance of G4-hemin, which implies the rationality of the design for this strategy.
[image: Figure 4]FIGURE 4 | Sensitivity analysis of fluorescence detection of exosomes at different concentrations. The corresponding fluorescence emission spectra (A) and linear fittings (B) obtained by detecting a series of different concentrations of exosomes (0, 2.5, 5, 10, 25, 50, 100 particles/mL e+5, from a to g).
Specificity Analysis
In order to prove the high specificity of this biosensing strategy in the detection of SK-BR3 derived exosomes, we selected five different cancer cell-derived exosomes for specificity analysis. We learned from Figure 5 that, compared with high fluorescence signal produced by SK-BR3 derived exosomes, the low signals of three lower-relevant cancer cell-derived exosomes (cervical cancer cells: HeLa, prostate cancer cells: LNcap and liver cancer cells: HepG2) were almost as negligible as the blank (Dahl et al., 2011; Liu et al., 2011; Feng et al., 2012). As another breast cancer cell of which expression of HER2 on the cell membrane is far less than that of SK-BR3, the signal obtained by MCF-7 cell-derived exosomes was slightly increased but was also far lower than that of SK-BR3 (Baumann et al., 2016). We also learned that, the affinity of aptamers was closely related to the expression of HER2 protein on exosome membrane. Such a high specific binding mode became a solid foundation for the successful release and assembly of G4-hemin as well as the subsequent display of catalytic performance.
[image: Figure 5]FIGURE 5 | Specific analysis of fluorescence detection of exosomes derived from different cells. Fluorescence emission spectra (A) and corresponding signal response diagrams (B) obtained from the detection of five cell-derived exosomes (100 × 105 particles/ml) (from b to f are HeLa, LNcap, HepG2, MCF-7 and SK-BR3 cell lines; a represents blank).
Detection of Exosomes in Clinical Samples
Realizing the detection of trace targets in complex clinical samples is always the gold standard in judging whether a new method has the potential for clinical application. Inspired by this, we collected clinical serum samples for further analysis. As shown in Figure 6, we divided the collected samples into two groups, breast cancer patient group and healthy control group, each with eight samples. Apparently, we learned from the experimental results that the signals produced by the two groups of samples showed significant differences. The signals from the patient samples were all above 150 absorbance unit while the signals from the control group were all less than 100 absorbance unit, with relatively concentrated distribution. The statistically significant fluorescent signal difference between the two groups was learned easily from the scatter plot analysis in Figure 6B (p < 0.05), indicating the possibility for us to conduct preliminary screening of cancer patients through the intensity of the fluorescence signals. Aside from the simple and sensitive detection of exosomes, this method also has many notable advantages, including washing-free, time-saving, cost-effective and high repeatability. Furthermore, the detection of exosomes was completed with simple streamlined loading steps, which was easy to be transformed into clinical automated detection.
[image: Figure 6]FIGURE 6 | The signal intensity (A) and corresponding scatter plots (B) of exosomes from two groups of clinical samples (breast cancer patients: P1∼P8; healthy controls H1∼H8) were analyzed by this fluorescence sensing method. By Student’s unpaired t-test, the significance was determined. **p < 0.05.
CONCLUSION
Liquid biopsy is developing rapidly in tumor early diagnosis and therapeutic monitoring. While most research currently focuses on circulating tumor cells and circulating tumor DNA, exosomes and other extracellular vesicles are also emerging as a potentially broader and complementary platform for research. Exosomes contain a variety of substances derived from tumor cells, which has aroused great interest in the study of exosomes as tumor biomarkers. In order to solve the current limitations of breast cancer diagnosis, we proposed a washing-free, simple, and highly operable fluorescent biosensor based on an ingeniously designed bicyclic capture probe for detection of breast cancer cell-derived exosomes. The high efficiency and sensitivity of this detection method is attributed to the high affinity of aptamers and the excellent catalytic performance of G4-hemin. More importantly, the application of this fluorescent sensing strategy for detection of clinical samples was successful. And the preliminary testing results of cancer patients and non-cancer patients were quite different, which shows a good degree of discrimination. Based on the above, it is possible for us to conduct preliminary screening of breast cancer patients through the differentiated detection results. It is worth mentioning that by replacing aptamers, the proposed method is suitable for detecting more different types of cell-derived exosomes and their subpopulations, which has a certain application value. Moreover, due to the advantages of washing-free, easy-to-operate and high reproducibility, our novel detection method has the potential to be designed as a portable instrument for point of care test in the near future to simplify the clinical diagnosis process.
However, how to efficiently design and optimize the washing-free probe to achieve multiple detection of the target is the direction of our further research, which was also the limitation of this detection strategy. Hopefully, we will solve this problem in subsequent experiments and continuously improve the performance of the detection method.
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The global burden of foodborne disease is enormous and foodborne pathogens are the leading cause of human illnesses. The detection of foodborne pathogenic bacteria has become a research hotspot in recent years. Rapid detection methods based on immunoassay, molecular biology, microfluidic chip, metabolism, biosensor, and mass spectrometry have developed rapidly and become the main methods for the detection of foodborne pathogens. This study reviewed a variety of rapid detection methods in recent years. The research advances are introduced based on the above technical methods for the rapid detection of foodborne pathogenic bacteria. The study also discusses the limitations of existing methods and their advantages and future development direction, to form an overall understanding of the detection methods, and for point-of-care testing (POCT) applications to accurately and rapidly diagnose and control diseases.
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INTRODUCTION
Foodborne pathogens continue to cause many intestinal diseases in humans around the world, causing a huge health and economic burden (Ling et al., 2019; Akter et al., 2021; Prata et al., 2021; Qiu et al., 2021). Figures from the World Health Organization (WHO) estimate that about 2 billion people die each year from diarrhea or disease caused by contaminated food, and 30% of them are children under 5 years of age (Scallan Walter et al., 2020; Belina et al., 2021; Van Puyvelde et al., 2021). The United States has one of the safest food supplies in the world, yet one in four people gets sick from foodborne diseases every year (Hoffmann and Walter, 2020; Hoffmann et al., 2021; Ge et al., 2022). The frequency and importance of these foodborne diseases depend on interactions between foodborne pathogens, hosts, food, and the environment (Ishaq et al., 2021; Jahan et al., 2021; Saravanan et al., 2021; Zarkani and Schikora, 2021). Bacterial foodborne illnesses are caused by infections with bacterium, such as Salmonella, Campylobacter spp., Escherichia coli, Shigella, Vibrio, Listeria monocytogenes (LM) and Clostridium botulinum, and Clostridium perfringens (Liu et al., 2019a; Xiao et al., 2019; Christopher et al., 2021; Fuochi et al., 2021; Kim et al., 2021a; Darbandi et al., 2022; Oyejobi et al., 2022). Viruses commonly reported are Norovirus and Hepatitis A, while examples of parasites involved are Cryptosporidium spp, Giardia lamblia, Trichinella spiralis, Cyclospora spp, Toxoplasma canis, and Entamoeba histolytica (Stryinski et al., 2020; Bozkurt et al., 2021; Lee and Yoon, 2021; Segeritz et al., 2021; Patel et al., 2022). Typical symptoms of foodborne illness include abdominal pain, diarrhea, vomiting, nausea, fever, difficulty breathing, and even death in severe cases (Abebe et al., 2020; Aik et al., 2020; Myintzaw et al., 2021; Sun et al., 2021; Janekrongtham et al., 2022). These symptoms are caused by ingested pathogens, such as foodborne infections (Salmonellosis, Listeriosis, etc.) (Gallo et al., 2020; Jang et al., 2021), or by microbial toxins produced in the host, such as toxic infections (C. perfringens food poisoning, etc.) (Rajkovic et al., 2020; Sharma et al., 2021). In the case of foodborne poisoning, toxins produced by pathogens in food cause symptoms (C. botulinum food poisoning, etc.) (Augustin et al., 2020; Walter et al., 2021). Poultry, ground meat, seafood, milk and dairy products, fruits, and vegetables have been blamed for most of the outbreaks (Leon Madrazo and Segura Campos, 2020; Visciano and Schirone, 2021; Singha et al., 2022).
Because foodborne pathogens pose a great threat to public health, it is therefore important to detect these pathogens (Dumen et al., 2020; Teffo and Tabit, 2020; Du et al., 2021a; Mi et al., 2021). Traditional methods for food pathogen detection mainly include plate separation, chemical analysis, and immunoassay (Wang et al., 2020a; Wang et al., 2020b; Han et al., 2021; Weng et al., 2021). However, these methods have more or less shortcomings, such as cumbersome steps, long detection cycle, high cost, and high requirements for a professional level of operators (Zhang et al., 2020a; Vidyadharani et al., 2021; Xie et al., 2021a; Nassarawa et al., 2022). Therefore, it is urgent to develop simple, sensitive, rapid, and low-cost methods for the detection of pathogenic bacteria in complex food samples.
Point-of-care testing (POCT) technology is a rapidly developing foodborne pathogen detection method in recent years that has advantages, such as simple operation, rapid operation, portability, and automation (Huang et al., 2018; Xu et al., 2021). In this study, applications of POCT in the detection of foodborne pathogens based on biomolecules, immunoassay, gene sequencing, microfluidic, metabolism, biosensor, mass spectrometry, and related technologies in recent years have been reviewed (Figure 1). The principle, advantages, and disadvantages of each method and its application status are described. The existing problems and future development of rapid detection methods are also discussed. This study provides a reference for the development of rapid detection technology for foodborne pathogens and has certain significance for research on various disciplines and food safety supervision.
[image: Figure 1]FIGURE 1 | Summary based on detection methods of foodborne pathogenic bacteria.
IMMUNOLOGICAL DETECTION TECHNIQUES
From its birth to its current development, the wide application of immunological detection technology determines its dominant position in the fields of biological science, food science, and clinical medicine. Its principle is based on antibody–antigen interaction, that is, the binding of specific antibodies (polyclonal antibody or monoclonal antibody) to their specific antigens (Jayan et al., 2020; Mishra et al., 2020; Wang et al., 2020c; Pires et al., 2021; Sohrabi et al., 2022).
Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay (ELISA) is a sensitive and specific analytical biochemical method that can be used for the detection and quantitative or qualitative analysis of analytes without requiring sophisticated or expensive equipment (Ferone et al., 2020; Nath et al., 2020; Rani et al., 2021; Kotsiri et al., 2022). At present, although traditional ELISA is widely used in scientific research and testing institutions and is the ideal method for the detection of viruses and antibodies (Leva-Bueno et al., 2020; Navarro et al., 2020; Xiao et al., 2021), this traditional method is time-consuming and also requires skilled operation techniques and sophisticated instruments (Luo et al., 2020a; Razmi et al., 2020; Huang et al., 2022). So the researchers changed the traditional approach.
Zuo et al. (2021) developed an indirect ELISA for testing the broad spectrum of anti-NoV antibodies (Figure 2A). The entire process of testing the spectrum of unknown antibodies required 2 h for completion. The intra-assay and inter-assay coefficients of variation were less than 10%. He et al. (2020) developed a sandwich-ELISA, which could detect 6 CFU/ml of Salmonella enteritidis (S. enteritidis) in milk after 10 h of enrichment. Zhao et al. (2020) developed a wax-printed paper-based enzyme-linked immunosorbent assay (P-ELISA) based on microfluidic paper-based analytical devices, with the whole operation time being less than 3 h and only needing 5 μl of samples for detection. The limit of detection for E. coli O157:H7 (E. coli O157:H7) reached 104 CFU/ml.
[image: Figure 2]FIGURE 2 | (A) Step-by-step schematic representation of ELISA (Zuo et al., 2021); (B) Schematic illustration of the detection method for E. coli O157:H7 using the automated IMS device combined with real-time PCR (Park et al., 2020).
Immunomagnetic separation technology
Immunomagnetic separation (IMS) is an effective pre-concentration technique for food samples that can quickly and selectively separate and concentrate target bacteria from complex food substrates (Liu et al., 2019c; Fang et al., 2021a; Nadar et al., 2021). The main principle is the surface of superparamagnetic particles after chemical modification, combined with target bacteria-specific active protein made of immunomagnetic bead separation (IMBS), and then the antibodies on IMBS will specifically identify and capture the target bacteria in the samples to be tested, which leads to the formation of IMBS-target bacteria complex (Ma et al., 2012; Jiang et al., 2013; Shen et al., 2021a; Zhang et al., 2021a). Finally, the complex is rapidly separated from other impurities in the sample by the force of a magnetic field, so as to achieve the efficient and accurate concentration of the target microorganism (Li et al., 2015; Wang and Lin, 2020; Wang et al., 2020d; Hou et al., 2020; Tang et al., 2020).
IMS technology has the characteristics such as strong specificity, high sensitivity, and fast separation speed (Pissuwan et al., 2020; Zhang et al., 2020b; Qi et al., 2022) and can be combined with a variety of other technologies (Yao et al., 2020; Zhai et al., 2021; Zhao et al., 2021a; Dester and Alocilja, 2022), such as ELISA, chemiluminescence immunoassay (CLIA), flow cytometry (FCM), immunochromatography (ICA), polymerase chain reaction (PCR), and other detection methods, to make the detection process more rapid and efficient (Yang et al., 2014a; He et al., 2017; Li et al., 2017; Lin et al., 2020; Nguyen and Kim, 2020; Sourri et al., 2022).
Moreover, Park et al. (2020) described the development of an automated IMS device combined with real-time PCR for detecting foodborne bacteria (Figure 2B). Target bacteria in the range of 101–102 colony-forming units per mg or g of sample can be detected in food samples, such as milk, ground beef, and cabbage, by using the proposed approach. Lv et al. (2021) developed an IMS technique by combining improved propidium monoazide and droplet digital PCR to detect the pathogenic viable but non-culturable Cronobacter sakazakii (C. sakazakii). The detection limit for this method in a background of powdered infant formula (PIF) was 5.6 copies/g. Jiang et al. (2020) first detected Vibrio parahaemolyticus (V. parahaemolyticus) in oysters by recombinant enzyme polymerase amplification (RPA) and side-flow (LF) combined with IMS. The method effectively combined sample preparation, amplification, and detection on one platform and could also detect V. parahaemolyticus within 15 min.
The IMS technology also has some limitations, such as the selected antigen target should have strong specificity, can specifically enrich the target bacteria, and avoid the enrichment of miscellaneous bacteria (Wang et al., 2020e; Zhai et al., 2020). Therefore, in order to rapidly develop in the field of foodborne pathogenic bacteria detection, specific antibodies from pathogenic bacteria must be screened.
Other immunological techniques
In addition to the above two immunological detection techniques, immuno chromatography (IC), immunodiffusion, immunofluorescence, Western blot, and Latex agglutination have all been applied in the detection of foodborne pathogens (Zhou et al., 2017; Li et al., 2018; Wu et al., 2020a; Morales-Pablos et al., 2020; Gao et al., 2021; Lopes-Luz et al., 2021; Wangman et al., 2021; Zhao et al., 2021b). Immunology technology has good specificity, high efficiency, low testing cost, and does not need the advantages of large instrument, but when the influenza virus contains competitive target bacteria in food material is very likely a false-positive result, the sensitivity is not high, these factors limit the immunology technology widely application in detection of foodborne pathogenic bacteria (Wang and Park, 2020; Zhao and Wu, 2020; Yan et al., 2021).
MOLECULAR BIOLOGY DETECTION TECHNOLOGY
Molecular biology detection technology is based on nucleic acid, through the detection of specific target pathogens DNA or RNA for detection purposes (Xi et al., 2014; Liu et al., 2017a; Foddai and Grant, 2020; Zheng and Tan, 2020; Kim and Oh, 2021). It is achieved by hybridizing the target sequence with complementary probes or primers (Yang et al., 2014b; Yang et al., 2017; Chen et al., 2020a; Wachiralurpan et al., 2020).
Temperature-changing amplification technology
Variable temperature amplification is a method based on PCR technology. Conventional PCR can only detect one pathogen at a time, but there are many pathogenic bacteria in food (Kim and Kim, 2021). Therefore, based on conventional PCR, dozens of different types of PCR methods were derived, mainly including multiple polymerase chain reaction (mPCR), real-time quantitative polymerase chain reaction (qPCR), and digital polymerase chain reaction technology (dPCR) (Tang et al., 2018; Mou et al., 2019a; Lei et al., 2020a; Cardoso et al., 2020; Huang et al., 2021a).
mPCR is based on traditional PCR, whereby multiple pairs of specific primers and templates are added into the same PCR reaction system (primers are specifically bound to corresponding templates) to amplify multiple DNA fragments with different sequences (Zhang et al., 2020c; Hossain et al., 2021; Bonny et al., 2022; Liu et al., 2022). Multiple DNA fragments amplified in the same reaction system can simultaneously detect multiple foodborne pathogens, reduce the number of experimental operations, shorten the detection time, and save reagents (Ma et al., 2020a; Yang et al., 2020a). He et al. (2022) developed a detection system based on magnetic separation, mPCR, and capillary electrophoresis (CE) technologies for the simultaneous detection of four foodborne pathogens. The detection limit for bacterial DNA reached 10−5–10−7 ng/μl and in the analysis of mocked food samples, the assay showed good sensitivity for bacterial detection ranging from 101 to 105 CFU/ml with excellent specificity.
mPCR is suitable for the detection of multiple foodborne pathogens with the same symptoms or easily contaminating the same food, which can standardize the detection of microorganisms in food (Du et al., 2020a; Ripolles-Avila et al., 2020). However, because multiple pairs of primers are amplified in the same system, each pair of primers affects each other, so the amplification effect and the actual number of amplified fragments in the actual operation of mPCR are often not satisfactory (Luo et al., 2020; Chen et al., 2021).
qPCR operates by adding fluorescent-labeled probes or fluorescent substances into the PCR system and monitors the accumulation of fluorescence signals in the whole PCR amplification process in real-time through the instrument. Finally, the method for quantitative analysis of samples with unknown concentrations was carried out through standard curves (Fu et al., 2020; Baoutina and Bhat, 2021; Wan et al., 2021). Moreover, Chen et al. (2017) presented a new POCT system based on magnetic nanoparticles that enable sample in-answer out (SIAO) automated real-time testing for pathogens (Figure 3A). Real-time PCR by the two methods (TaqMan-based probe and SYBR green dye) in the SIAO system was achievable by the manual method with comparable results. Xie and Liu. (2021) developed a double TaqMan real-time fluorescence quantitative PCR (DRT-PCR) method for their simultaneous enumeration within two kinds of powdered infant foods (PIFs). The dRT-PCR could quantify as low as 102 and 101 CFU/ml C. sakazakii and Staphylococcus aureus (S. aureus) in both pure cultures and spiked PIFs.
[image: Figure 3]FIGURE 3 | (A) Positions of the fluorescence detection module and the Peltier device, and the principle of fluorescence acquisition (Chen et al., 2017); (B) The design of the diagnostic device (Chen et al., 2022); (C) Layout of oligonucleotide probes on the detection microarray (Liu et al., 2017b); (D) An example of the workflow of multiplex ONT sequencing library preparation and sequencing (Wu et al., 2021).
Compared with ordinary PCR, the nucleic acid amplification of qPCR technology is completed in a closed system, and no electrophoresis analysis is required after the amplification, which not only reduces the chances for sample contamination, but also avoids false-positive results caused by contamination and also shortens the detection time (Obande and Singh, 2020; Kim et al., 2021b). However, the experimental cost of real-time quantitative PCR is high, and the equipment required is expensive, which also requires the operator to have a high level of professional technology (Nunez-Bajo et al., 2020; Wang et al., 2021a).
dPCR does not require the establishment of a standard curve and concentration comparison by Ct value (the number of cycles that PCR fluorescence signal goes through when it reaches a set threshold) and is considered an absolute quantitative method (Grudlewska-Buda et al., 2020; Lei et al., 2021; Plante et al., 2021). Droplet digital PCR (ddPCR) is a new method that disperses a single target DNA molecule into multiple separated droplets, detects each droplet one by one after PCR amplification, and accurately quantifies DNA copy number (Lei et al., 2020b; Iwu et al., 2020). Du et al. (2021b) developed an effective pretreatment method based on an in-situ enrichment culture with an immunomagnetic separation step, combined with ddPCR technology to achieve rapid detection of trace Salmonella in milk, which allowed detecting as low as 10−1 CFU/ml level of Salmonella. ddPCR has the advantages of high sensitivity, high accuracy, high tolerance, and absolute quantification and has been widely used in rare mutation detection and gene expression detection in complex samples (Salipante and Jerome, 2020; Yang et al., 2020b).
Constant temperature amplification technology
At present, constant temperature amplification techniques applied to foodborne pathogenic microorganisms mainly include loop-mediated isothermal amplification (LAMP), recombinant enzyme-mediated nucleic acid amplification (RAA), RPA, and nucleic acid sequence-dependent amplification (NASBA) (Chen et al., 2018; Khan et al., 2019; Safenkova et al., 2020; He et al., 2021a; Hoang et al., 2021; Tian et al., 2022).
LAMP is a mature isothermal nucleic acid amplification technique in which the target sequence was amplified with two or three sets of primers at a constant temperature of 60–65°C (Prasannakumar et al., 2020; Wang et al., 2020f; Zhang et al., 2021b). Typically, four different primers are used to amplify six different regions on the target gene, which increases specificity (Xie et al., 2022). Another pair of “cyclic primers” can further accelerate the reaction. In addition to replication activity, polymerases with high chain displacement activity are required for amplification (Garafutdinov et al., 2020; Padzil et al., 2022). Liu et al. (2022) developed a LAMP method for LM detection using SYTO9 staining and image processing techniques. The detection limit of LM was 6 copies/μl. Chen et al. (2022) developed a novel Enter cytozoon hepatopenaei (EHP) field rapid detection device (size 18.8 × 16.7 × 6.6 cm3) based on magnesium pyrophosphate precipitation and LAMP (Figure 3B). The detection limit for EHP was 0.1 fg/μl. Moreover, Jin et al. (2020) developed a LAMP-based microdevice for performing high-throughput visual detection. The approach was able to perform simultaneous identification of six foodborne pathogens within 1 h. LAMP is an isothermal amplification technique with high practical value and detection efficiency, but it also has obvious disadvantages, such as false-positive results after the addition of ring primers (Yu et al., 2021a). Although the frequency of false-positive can be reduced by various methods, it is still impossible to avoid the high requirement and difficulty in primer design.
RAA is a technique for nucleic acid amplification using recombinant enzyme, single-chain binding protein, and DNA polymerase under isothermal conditions (optimal temperature 37°C) (Feng et al., 2022a; Hou et al., 2022; Zhang et al., 2022). The established RAA method can effectively shorten the detection time and does not require temperature change during nucleic acid amplification (Aman et al., 2020; Teklemariam et al., 2020; Li et al., 2021a). Li et al. (2021b) introduced the transcleavage activity of CRISPR/Cas12a into an electrochemical biosensor (ECRISPR), combined with RAA, to establish a cost-effective, specific, and ultrasensitive method, namely, RAA-based E-CRISPR. Under optimized conditions, the RAA-based E-CRISPR can detect as low as 0.68 aM of genomic DNA and 26 CFU/ml of LM in pure cultures. Xie et al. (2021b) proposed a modified propidium monoazide (PMAxx) dye combined with RAA for the rapid and real-time detection of viable S. aureus. The detection limit for viable S. aureus was 102 CFU/ml under 3 h enrichment and 101 CFU/ml under 6 h enrichment in artificially contaminated milk, respectively. Zhou et al. (2022) reported a novel CRISPR/Cas12a-based fluorescence enhanced lateral flow biosensor (LFB) in conjunction with functionalized quantum dots, combined with RAA, to establish low-cost, simple, and sensitive detection of S. aureus, namely, CRISPR/Cas-recombinase-assisted amplification-based LFB (CRA-LFB). The limit of detection was as low as 75 aM of genomic DNA, and 5.4 × 102 CFU/ml of S. aureus in pure cultures were detected. RAA has a great development advantage due to its lower requirements on environmental temperature, operating skills, and experimental equipment (Mu et al., 2021).
Biochip technology
Biochip technology was started in the 1980s. It is a micro biochemical analysis system of molecular microarray. It uses mechanical arm sampling technology or microelectronic lithography technology to construct up to tens of thousands of different probes on the surface of a certain volume of the solid carrier to detect a variety of biological components (Li et al., 2013; Azizipour et al., 2020; Aladese and Jeong, 2021; Tahir et al., 2021). The biochip technology has the advantages such as diversification, high throughput, short detection time, and portability. At present, gene chip, protein chip technology, and liquid chip are widely used in the detection of foodborne pathogens (Pos et al., 2020; Qian et al., 2022).
Gene chip is the first developed and earliest researched and developed technology in biochip technology (Zeng et al., 2014; Chen et al., 2020b; Kumar et al., 2020; Ali et al., 2021). The sequencing principle for the gene chip is the hybridization sequencing method, by which hybridization with a group of nucleic acid probes with a known sequence of target nucleotide, and with a known sequence for nucleic acid sequencing are fixed on the surface of a substrate, (Zhang et al., 2020d; Hariharan and Prasannath, 2021; Taguchi et al., 2021). Liu et al. (2017b) developed a magnetic nanoparticle-enhanced oligonucleotide microarray assay for rapid and sensitive identification of E. coli O157:H7, Salmonella enterica, Vibrio cholerae, and Campylobacter jejuni (C. jejuni) in food (Figure 3C). In comparison with conventional single-stranded target preparation methods, this magnetic nanoparticles-based method yielded up to 15-fold increase in the hybridization signal and achieved 1 similar to 2 orders of magnitude enhancement on the limit of detection. Sarengaowa et al. (2020) developed an in situ-synthesized gene chip for the detection of foodborne pathogens on fresh-cut fruits and vegetables. The detection limit for the five target pathogens on fresh-cut cantaloupe and lettuce was approximately 3 log CFU/g without culturing and with a detection time of 24 h. Shen et al. (2020) performed the genome-wide DNA microarray analysis using S. typhimurium incubated with 0.001% epsilonpolylysine in 0.1% Bacto Soytone at 30°C for 2 h.
The high degree of automation of gene chip technology can analyze a large number of samples at one time, and the data are objective and reliable (Jia et al., 2021a). But the cost is high, with low detection sensitivity, poor repeatability, and narrow analysis scope (Zaczek-Moczydlowska et al., 2021).
Protein chip technology is a kind of protein microarray, which is different from gene chip to realize binding based on the principle of base complementary pairing. It uses the interaction between proteins, such as the reaction between antigen and antibody, enzyme and substrate, for detection (Khan et al., 2021; Zhou et al., 2021; Hang et al., 2022). With the continuous development and improved protein microarray technology, the technology has been gradually applied to the detection of foodborne pathogens. Liu et al. (2019c) constructed a protein chip to screen for antibody titers present in test sera raised against whole C. jejuni cells with over 1,400 individually purified GST-tagged C. jejuni proteins, representing over 86% of the proteome. These results indicated that the unbiased chip-based screen can reveal the full repertoire of host antibodies against microbial proteomes. Protein microarray technology is an emerging technology with bright development prospects, but there are still some problems in maintaining protein activity, protein fixation methods, and detection sensitivity (Xia et al., 2021), which need further research and optimization.
Liquid chips, also known as microsphere suspension chips, began in the mid-1990s, with their diverse fluorescent encoded microspheres, up to 100 different probes can be crosslinked by different ways of binding and hybridization (Jia et al., 2021b). Qualitative and quantitative detection of microsphere fluorescence coding and molecular fluorescence intensity by two different laser beams is a new generation of high-throughput molecular detection technology platform following DNA chip and protein microarray (Han et al., 2020; Li et al., 2020; Yin et al., 2020). Pang et al. (2019) established a microsphere-based suspension array (MSA) for the detection and identification of 55 V. parahaemolyticus K-serogroups based on CPSgc-specific genes. This system was then used to examine 845 publicly available V. parahaemolyticus genomes. Shi et al. (2019) established a rapid and accurate method based on mPCR combined with suspension array flexible sequence-tagged (xTAG) technology to simultaneously detect S. typhimurium, Brucella spp., Bacillus cereus, and Shigella spp. in raw milk. The results showed that the detection of milk samples demonstrated 100% specificity.
Gene sequencing
In molecular biology, DNA sequence analysis is the basis for further research and modification of target genes (Mou et al., 2019b; Uelze et al., 2020; Hu et al., 2021). At present, there are two types of mainstream technologies for sequencing: 1) Traditional sequencing technology, or first-generation sequencing technology, is represented by the Sanger sequencing method (Segerman, 2020; Kaprou et al., 2021). 2) The next-generation sequencing (NGS) technology developed in recent years is also known as high-throughput sequencing technology, and its sequencing principles include simultaneous sequencing and single-molecule sequencing (Reuter et al., 2015; Lu et al., 2020; Van Poelvoorde et al., 2020). Specifically, synthetization sequencing (also known as the second-generation sequencing technology) is represented by Roche’s 454 technology, Illumina’s Solexa, Hiseq technology, and ABI’s Solid technology (Lewis et al., 2020; Shen et al., 2021b). Single-molecule sequencing (also known as third-generation sequencing technology) is based on Helicos Bioscience’s HeliScope genetic analysis system, Pacific Biosciences’ PacBio RS single-molecule real-time sequencing system, and Oxfold Nanopore Examples include Technologies’ GridION and MinION (Yu et al., 2020; Gunther et al., 2021; Van Reckem et al., 2021). Single-cell sequencing technology is to sequence each individual cell through high-throughput sequencing technology to obtain the genetic information of each individual cell (Davey and Valdivia, 2020; Peng et al., 2020a).
The principle for the Sanger sequencing method is to randomly cut genomic DNA into small fragments, and then many small fragments of DNA are cloned into plasmid vectors and transformed into E. coli. Finally, the cultured E. coli extracts plasmid for sequencing, and each sequencing reaction is completed in a reaction system for only a few microliters (Efimochkina and Sheveleva, 2022). Syromyatnikov et al. (2020) used high-throughput sequencing and Sanger sequencing of individual bacterial colonies to analyze the microbial content of commercially available butter brands. We identified a total of 94 amplicon sequence variants corresponding to different microbial taxa. Sanger sequencing technology is relatively common in small bacterial genome sequencing, plasmid sequencing, and other research fields, with its accuracy, precision target, and low throughput (Maguire et al., 2021). However, in large-scale sequencing tasks, Sanger sequencing technology has defects of low throughput, slow speed, and high cost, thus promoting high-throughput sequencing technology (Sheka et al., 2021).
High-throughput sequencing technology is a revolutionary improvement on traditional sequencing technology in history, which can simultaneously determine the molecular sequence of millions or even tens of millions of DNA (Cassotta et al., 2020; Chelliah et al., 2022). Muriuki et al. (2021) used 454 pyrosequencing, Illumina high-throughput sequencing of 16S rRNA gene in the analysis of total community DNA extracted from samples using the phenol-chloroform method. Uncultured Candidatus Koribacter and Candidatus Solibacter were also detected in the food samples. There was a significant difference in the microbial community structure among the sample types (p < 0.1). Gutierrez et al. (2021) sequenced 62 cases of Shiga toxin-producing E. coli (STEC) isolated from Chile using MiSeq Illumina. The results indicated that there may be local emerging STEC with unique features, nevertheless, no molecular markers were detected. Wu et al. (2021) evaluated the serotype prediction accuracy of using whole-genome sequencing (WGS) data from multiplex ONT sequencing (Figure 3D). This study demonstrated that accurate serotype prediction results could be obtained when multiplexing five or less Salmonella isolates with an average of 6 h of multiplex ONT sequencing, where each multiplexed isolate received at least 50× depth of genome coverage of sequencing data after demultiplexing.
The advantage of second-generation sequencing technology is that the cost is greatly reduced and the flux is greatly improved compared with the first generation, but the disadvantage is that the PCR process introduced will increase the sequencing error rate to a certain extent, and has a systematic bias, and the read length is relatively short (Kaavya et al., 2021). The third-generation sequencing technology is developed to solve the shortcomings of the second generation. Its fundamental feature is single-molecule sequencing, which does not require any PCR process, in order to effectively avoid system errors caused by PCR bias, while improving the read length, and maintaining the advantages of the second-generation technology of high throughput and low cost (Quijada et al., 2020).
MICROFLUIDIC DETECTION TECHNOLOGY
Microfluidics provides a powerful tool for testing applications with its advantages of portability, miniaturization, automation, multi-channel sample testing, minimization of hazardous material handling, and cost savings (Ragab and El-Kimary, 2021; Su et al., 2021; Tseng et al., 2021). In addition, all analytical processes, including sample preparation, reaction, separation, and detection are integrated into a microfluidic chip for field test applications (Fu et al., 2021; Xie et al., 2021c). Biosensors that use a variety of technologies combined with microfluidic chips to detect foodborne pathogens have been widely reported (Ali et al., 2020; Kaya et al., 2021). Many new microfluidic chips have been successfully developed for the detection of foodborne pathogens. At present, according to the detection principle, the microfluidic detection chips are mainly divided into three categories: molecular biology-based microfluidic detection chips, immunology-based microfluidic detection chips, and electrochemical microfluidic detection chips.
Xue et al. (2021) developed a microfluidic biosensor for rapid and sensitive detection of Salmonella using manganese dioxide nanoflowers (MnO2 NFs), a microfluidic chip with a convergence-divergence spiral micromixer, and a smartphone app with a saturation calculation algorithm (Figure 4A). This biosensor was able to detect Salmonella from 4.4 × 101 to 4.4 × 106 CFU/ml in 45 min with a detection limit of 44 CFU/ml. Zhang et al. (2021b) have created an embedded paper-based microchip based on LAMP which can rapidly and sensitively detect foodborne pathogens (Figure 4B). The detection limit for Salmonella spp. in the sample measured by the microchip was approximately 12 CFU/ml. Song et al. (2020) developed a microfluidic platform to detect S. aureus by fluorescence labeling method and a self-made microfluidic chip, which has immune spheres were used to study the effect of capturing S. aureus (Figure 4C). Results showed that our platform can detect S. aureus at an injection rate of 5 μl/min reacted for 4 min and the detection limit of bacteria was 1.5 × 101 CFU/mul. Nguyen et al. (2020) proposed an integrated smartphone-based genetic analyzer. The LAMP mixture for Eriochrome Black T (EBT) colorimetric detection was injected into the LAMP chip to identify the E. coli O157:H7 (Figure 4D). The limit-of-detection (LOD) reached up to 101 copies/μl. Moreover, Asgari et al. (2022) developed a sensitive Surface-enhanced Raman spectroscopy (SERS)-based microfluidic simmunosensor to separate and detect E. coli O157:H7 in romaine lettuce. The limit of detection for E. coli O157:H7 in romaine lettuce was found to be 0.5 CFU/ml. Wang et al. (2022) demonstrated an ultrasensitive and simple microfluidic immunosensor for a point-of-care test of S. aureus based on stir bar enrichment and DNAzyme-assisted click reaction. The detection limit was 3 CFU/ml. Jiang et al. (2021) designed a thread-based microfluidic electrochemical aptasensor, fabricated and tested by using label-free aptamer immunosensing technology for rapid and highly sensitive detection of V. parahaemolyticus in seafood. The proposed aptasensor has a dynamic detection range of 10–106 CFU/ml, with a detection limit of 5.74 CFU/ml.
[image: Figure 4]FIGURE 4 | (A) Schematic of this Colorimetric Biosensor for Detection of Salmonella (Xue et al., 2021); (B) Making the process of the microchip (Zhang et al., 2021b); (C) The whole process of a microfluidic platform for detection of S. aureus by fluorescence labeling (Song et al., 2020); (D) Schematics of the i-Gene (Nguyen et al., 2020).
At present, microfluidic technology has shown great potential in environmental monitoring, food science, drug screening, disease diagnosis, and other fields, but there is still a long way to go to the market application. Therefore, the development of new materials and new processing methods is an important means to promote the development of microfluidic technology (Tsougeni et al., 2020).
METABOLIC DETECTION TECHNIQUES
Metabolic detection is a common technique for the detection of foodborne pathogens (Castle et al., 2021). Its principle is to use various techniques to detect the variation characteristics of the amount and type of primary metabolites or secondary metabolites produced by different pathogenic bacteria in a specific cultural environment, to identify the pathogenic bacteria (Duarte-Sierra et al., 2020; Subjakova et al., 2021). According to different detection technologies, it can be divided into electrical impedance technology, radiometric technology adenosine triphosphate (ATP) bioluminescence technology, microcalorimeter technology, etc. (Mobed et al., 2020; McCuskey et al., 2022).
Electrical impedance technology
According to different metabolic activities of microorganisms in the growth process, electrical impedance technology is used to detect and identify microorganisms. Wang et al. (2020g) developed a sensitive electrochemical aptasensor using aptamer coated gold interdigitated microelectrode for targeted capture and impedance measurement, and antibody-modified nickel nanowires (NiNWs) for target separation and impedance amplification. This electrochemical aptasensor was able to quantitatively detect Salmonella ranging from 102 to 106 CFU/ml in 2 h, with a detection limit of 80 CFU/ml. Wang et al. (2021b) developed a novel impedance immunosensor based on a metal-organic framework (Mn-MOF-74) to rapidly and sensitively detect LM in milk. The recoveries for L.m cells at concentration between 1.0 × 100 and 1.0 × 104 CFU/ml were 90.2%–101.7% in water and 88.5%–96.2% in milk. Wang et al. (2021c) developed a bacteria-imprinted conductive poly (3-thiopheneacetic acid) (BICP) film-based impedimetric sensor for the rapid, sensitive, and label-free detection of S. aureus.
BIOSENSOR DETECTION TECHNOLOGY
Biosensor is an analysis device consisting of a biosensor and transducer. It mainly uses antigens (antibodies), various sensitive enzymes, alkaloids, and gene sequences to detect microorganisms (Shiba 2006; Wang et al., 2013; Liu et al., 2017c; Ma et al., 2020b; Guo et al., 2021; Das and Mishra, 2022). When the sample to be tested reacts with the above substances, biological interactions will occur, which can then be converted into measurable electrical signals by signal transducers, which can be read and detected by signal amplifiers (Lai et al., 2018a; Lai et al., 2018b; Huang et al., 2021). According to different working principles, biosensors can be divided into optical biosensors, electrochemical biosensors, enzyme biosensors, physical biosensors, mechanical biosensors, and so on (Liu et al., 2018; Liu et al., 2019d; He et al., 2019; Ahovan et al., 2020; Naresh and Lee, 2021; Yu et al., 2021). Biosensors commonly used for rapid detection of foodborne pathogens include; optical biosensors and electrochemical biosensors (Tian et al., 2019; Wu et al., 2020b; Du et al., 2020b; Magesa et al., 2020; Mei et al., 2022).
Optical biosensors are widely used in the detection of foodborne pathogens due to their rapid detection and high sensitivity (Nie et al., 2014; Sun et al., 2021a; Wei et al., 2021). At present, the main optical sensing technologies include chemiluminescence, colorimetry, fluorescence, and surface plasmon resonance (Luan et al., 2020).
Quintela et al. (2019) developed a novel approach for simultaneous optical detection of various Salmonella spp. strains in contaminated complex matrices by utilizing oligonucleotide-functionalized AuNPs as a sensitive optical biosensing platform in combination with an efficient sample pooling and IMS system that ensure the detection of viable cells (Figure 5A). The results showed that the highly sensitive assay toward its target with a superior detection limit of <10 CFU/ml or g and 100% specificity. Srivastava et al. (2021) developed a nanophotonic structure with electric control-based photocatalytic nanocomposite to realize label-free optical detection of foodborne pathogens. The fabricated biosensor is capable of detecting E. coli bacteria concentrations of 5,000 CFU/ml. Angelopoulou et al. (2021) presented an optical biosensor for the detection of S. typhimurium lipopolysaccharide (LPS) and Salmonella bacteria in drinking water, based on white light reflectance spectroscopy (Figure 5B). The total assay duration was 15 min, while the achieved detection limits were 4 ng/ml for LPS and 320 CFU/ml for bacteria.
[image: Figure 5]FIGURE 5 | (A) The novel principles behind AuNPs optical biosensing and the schematic representation of DNA sandwich hybridization targeting ttrRSBCA locus of Salmonella spp. (Quintela et al., 2019); (B) Illustration of the white light reflectance spectroscopy (WLRS) optical setup and sensing and sensing principle (Angelopoulou et al., 2021); (C) Schematic diagram of electrochemical detection of E. coli O157:H7 by gold nanoparticle-catalyzed silver enhancement at porous pseudo-carbon paste electrode (Xu et al., 2012); (D) Fabrication, biofunctionalization, and sensing scheme of CHI/Pt aptasensor (Oliveira et al., 2021).
The electrochemical biosensor uses the electrode as a signal converter, and the target analyte performs an electrochemical reaction on the electrode interface, which causes the change of current, potential, impedance, or conductivity on the sensor surface (Deng et al., 2013a; Deng et al., 2013b; Upasham et al., 2021; Vidic and Manzano, 2021). Xu et al. (2012) described the fabrication of three different electrodes based on functional porous pseudo-carbon paste electrodes (PPCPEs) (Figure 5C). A linear relationship between the anodic stripping peak current and the concentration of E. coli O157:H7 from 1.0 × 103 to 1.0 × 107 cells/ml and a limit of detection as low as 8.0 × 102 cells/ml were obtained when PPCPE-CHO was used. The target analyte can be quantified by monitoring the change of these signals. Oliveira et al. (2021) developed a label-free and rapid electrochemical biosensor for LM detection using a new one-step simultaneous sonoelectrodeposition of platinum and chitosan (CHI/Pt) to create a biomimetic nanostructure that actuates under pH changes (Figure 5D). Actuation led to improved LM detection with a low limit of detection (33 CFU/10 ml in chicken broth). Feng et al. (2022b) constructed an electrochemical immunosensor for Salmonella detection by using a Fe3O4@graphene modified electrode. Under optimized experimental conditions, a good linear relationship was achieved in the Salmonella concentration range of 2.4 × 102 to 2.4 × 107 CFU/ml, and the limit of detection for the immunosensor was 2.4 × 102 CFU/ml.
Biosensor technology detection of microorganisms has rapid, sensitive, simple operation and low requirement for operating personnel, but biological sensors are used to identify biological molecules of the original life is relatively short, with high-cost production, so the use of biosensor technology is limited by some, and most is still in the development stage (Shen et al., 2021c).
MASS SPECTROMETRY
With the development of mass spectrometry, mass spectrometry (MS) is a new detection method of pathogenic bacteria, that has been developed gradually (Fang et al., 2021b). MS is a non-biochemical instrumental analysis method, which takes the characteristics of bacteria or their proteins as the research object and realizes the identification and detection of target bacteria by analyzing the characteristic ions generated after ionization.
Feucherolles et al. (2022) combined Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) protein mass spectra with a prediction approach as an antimicrobial resistance (AMR) screening tool for relevant foodborne pathogens, such as Campylobacter coli and C. jejuni. A maximum sensitivity and precision of 92.3% and 81.2%, respectively, were reached. Moreover, Li et al. (2022) presented a novel strategy using mass tag-mediated surface engineering for simultaneous detection of multiple bacteria by MALDI-TOF MS. This strategy converted the detection of bacteria to the analysis of mass tags, allowing simultaneous detection of multiple bacteria and avoiding the dependence of microbial mass spectra databases. Dias et al. (2022) used gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization detector (GC-FID) to determine the antibacterial activity of three essential oils (EOs) and their main components against foodborne pathogens and spoilage foods.
Among many detection technologies, the foodborne pathogenic bacteria MS has the highest detection rate at present, with fast detection speed and convenient operation, but there are still many problems in the actual detection process (Mangmee et al., 2020). In the detection process, it is necessary to improve the sensitivity and stability of foodborne pathogenic bacteria MS technology, so it is necessary to constantly debug spray voltage, flow rate, capillary temperature, and other issues to achieve the optimal state.
CONCLUSION
In recent years, many methods for the detection of foodborne pathogens have been developed to address food safety and public health issues, especially with the increased consumption of fresh food and food with short shelf life. Rapid detection technologies are becoming more marketable (Freitas et al., 2020; Ezzatpanah et al., 2022). For example, many scholars have combined POCT technologies such as molecular immunology, bio-molecular, biosensor, and microfluidics to provide new approaches for rapid, low-cost, highly sensitive, and highly specific detection methods for foodborne pathogens (Cimafonte et al., 2020; Wang et al., 2021d; Zhang et al., 2021c). The POCT technology provides simple, fast, and sensitive platforms for the detection of foodborne pathogens and will become a powerful multi-functional tool for food safety, biological threat detection, and environmental monitoring. However, there are still shortcomings that require researchers to continuously improve the existing detection technologies (He et al., 2021b; Wagner et al., 2021). The sensitivity, specificity, ease of operation and detection speed, cost, and application of the techniques for detecting foodborne pathogens are given in Table 1.
TABLE 1 | Compare the methods of detecting foodborne pathogens.
[image: Table 1]With the advancement of science and technology, artificial intelligence, gene editing, nanotechnology, and other cutting-edge disciplines, the integration of these technologies and POCT technology in the rapid detection of foodborne pathogens will also become the future development trend (He et al., 2018; Chen et al., 2020c; Ding et al., 2020; Peng et al., 2020b; Yang et al., 2020c; Gong et al., 2021; Xiao et al., 2022). The following is the prospect of POCT technology in the future development trend: 1) the detection index is gradually transformed from biochemical and immunity to nucleic acid molecules, and from single to multiple indicators. 2) The devices are more miniaturized and integrated by the development of micro-nano fabrication and 3D printing and new materials technology. More and more functions can be integrated into a small device, such as integrate sample extraction and detection into a chip our cassette, etc. 3) The devices have the features of higher sensitivity and quicker time with the application of novel CRISPR method and gold nanoparticles and so on. 4) The devices will be more convenient and lower cost for the use of smart mobile phones, lateral flow dipsticks, or paper chips. Moreover, with the advance of cloud computing, Internet of things technology, devices make more intelligence.
The future detection technology for foodborne pathogenic bacteria will focus toward the integration of a variety of detection technologies, making flux detection faster, with higher sensitivity and repeatability, faster time, and lower cost. The future will also include wide promotion and standardization direction for these technologies, including production, processing, distribution, and sale of the whole production chain of food safety regulations.
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MicroRNA (miRNA) in extracellular vesicles (EVs) has great potential to be a promising marker in liquid biopsy. However, the present EV isolation methods, such as ultracentrifugation, have complicated and long-time operation, which impedes research on EV miRNA. The downstream complex miRNA extraction process will also significantly increase the detection cycle and loss. We first established a simple automated technique to efficiently extract target miRNAs in EVs from plasma based on Fe3O4@TiO2 beads with high affinity and capture efficiency. We combined a heat-lysis method for quick and simple EV miRNA extraction and detection. The results indicated that our method has more RNA yield than TRIzol or a commercial kit and could complete EV enrichment and miRNA extraction in 30 min. Through the detection of miRNA-21, healthy people and lung cancer patients were distinguished, which verified the possibility of the application in clinical detection. The automated isolation technology for EV miRNA has good repeatability and high throughput, with great application potential in clinical diagnosis.
Keywords: extracellular vesicles, microRNA, Fe3O4@TiO2, isolation, lung cancer
INTRODUCTION
Extracellular vesicles (EVs) are vesicles released by most prokaryotic and eukaryotic cells containing proteins, lipids, and nucleic acids, which can be transported to distant cells (Yanez-Mo et al., 2015; Jan et al., 2019; Mathieu et al., 2019). EV-derived microRNAs (miRNAs) have been discovered to play an important role in gene expression regulation and disease progression (Yang et al., 2017). EV miRNAs have been extensively studied as a highly sensitive marker for different diseases, such as ovarian cancer (Maeda et al., 2020), lung cancer (Wu and Shen, 2020), and breast cancer (Volovat et al., 2020). Presently, several miRNA diagnostic kits have been developed and applied in clinical use. Given their unique high stability and specificity as biomarkers, EV miRNAs have great promise in early detection, prognosis, and monitoring of diseases (Preethi et al., 2022; Zhao et al., 2022).
EV isolation is a necessary and challenging step for research involving EV miRNAs. However, the lack of rapid and efficient techniques for EV isolation is a limitation that needs to be addressed urgently. Current isolation methods, including ultracentrifugation, size-exclusion chromatography, polymer precipitation, immunoaffinity etc., are time-limited, complex to operate, and require expensive equipment. After EV isolation, RNA extraction methods, such as TRIzol, will further reduce the extraction efficiency of EV miRNAs and prolong the detection period. In recent years, the development of various nanomaterials applied to detection technologies has brought convenience (Xiao et al., 2019; Yang et al., 2020). In particular, magnetic beads have shown great advantage as a fast and easy to operate detection method (Mou et al., 2015; Tang et al., 2018; Mou et al., 2019a; Mou et al., 2019b). Therefore, more efficient EV miRNA isolation methods should be developed and applied for EV analysis (Lu et al., 2021; Zhao et al., 2022). Titanium dioxide (TiO2) is a nanomaterial widely used in many fields (Xin et al., 2021; Chen et al., 2022a; Gao et al., 2022; Li et al., 2022) and can combine with phosphorylated amino acid residues, including serine, tyrosine, and threonine (Liu et al., 2015). The surface of the TiO2 beads is cationic and specifically binds to the phosphate groups on the phosphorylated modified peptide fragments. Recent researchers have suggested that TiO2 is able to combine with the phosphate groups on the lipid bilayer membrane of EVs (Gao et al., 2019; Chen et al., 2022b).
In our study, Fe3O4@TiO2 beads were used for EV rapid capture, and high capture efficiency of 80% was achieved. To better combine magnetic bead capture capacity and downstream biomarker detection for clinical application, we first designed an automated technique to efficiently extract target miRNAs in EVs from plasma. This unique approach involves three steps. First, EVs were specifically captured by Fe3O4@TiO2. Second, EVs were directly cleaved by heating and releasing the target miRNAs. Finally, quantitative reverse transcription PCR (RT-qPCR) was used to amplify heat-released miRNAs.
MATERIALS AND METHODS
Materials
Primers and phosphate-buffered saline (PBS) were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Fe3O4@TiO2 was obtained from Nanjing Xiuyuan Biotechnology Co., Ltd. (Jiangsu, China). Monoclonal anti-CD63 antibody, monoclonal calnexin antibody, and monoclonal TSG101 antibody were purchased from Abcam Co., Ltd. (Shanghai, China). A solution of 28 wt% ammonium hydroxide (NH3•H2O) and PKH26 Red Fluorescent Cell Linker Mini Kit were obtained from Sigma Co., Ltd. (Shanghai, China)., A 0.22-μm syringe-driven filter was purchased from Millipore (United States). Deionized water was processed by Ultrapure Millipore water (18.2 MΩ cm). High glucose Dulbecco’s modified Eagle’s medium (DMEM) and penicillin–streptomycin solution were purchased from Hyclone (UT, United States). Exosome-depleted fetal bovine serum (FBS) media supplement was purchased from System Biosciences, SBI (CA, United States).
All cell lines were purchased from the Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China). Healthy human and lung cancer patient plasma samples were supplied by Nanjing University-affiliated Drum Tower Hospital. The samples were centrifuged at 1,500 g for 10 min at 4°C. The supernatant was collected and centrifuged at 2,000 g for 10 min at 4°C to remove platelets. The supernatant was centrifuged at 15,000 g for 30 min and stored at −80°C.
Isolation of model extracellular vesicles
A549 non–small cell lung cancer cells (NSCLC) and BEAS-2B normal human bronchial epithelial cells (NHBES) were cultured in DMEM medium supplemented with 1% (v/v) penicillin–streptomycin and 10% (v/v) with standard fetal bovine serum (FBS), at 5% CO2 in culture bottles. When the cell density was up to 70%, we discarded the supernatant and washed the cells with PBS. Finally, cells were subcultured in DMEM containing 10% exosome-depleted FBS. The supernatant was collected after 24 h incubation.
Supernatants from the A549 and BEAS-2B cell cultures were collected and centrifuged at 300 g for 10 min to remove cell debris, followed by centrifugation at 2,000 g for 10 min. The supernatant was then transferred to ultracentrifuge tubes and centrifuged in an ultracentrifuge (Beckman Coulter, Brea, CA, United States) at 110,000 g at 4°C for 70 min twice. The pellet was resuspended in PBS and immediately stored at −80°C.
Characterization of extracellular vesicles
The EVs captured on Fe3O4@TiO2 were eluted by 5% NH3•H2O for 10 min rotated on a rotator. After magnetic separation, the supernatant containing EVs was diluted with PBS and centrifuged at 2,000 g for 10 min in an Amicon Ultra100 kd ultrafiltration tube. EVs were recovered for subsequent analysis.
A total of 20 μl of the EV sample was incubated with 2% phosphotungstic acid on the copper mesh for 10 min at room temperature. After the copper mesh was dried, the EVs were photographed by transmission electron microscopy (TEM) (JEOL JEM-2100, Japan). For scanning electron microscopy (SEM) (Hitachi, Japan), 10 μl of EV sample–enriched Fe3O4@TiO2 was added to the clean tin foil paper. After drying at room temperature, the tin foil paper was glued to the conductive tape and photographed.
The particle size and concentration of the EVs were analyzed by using a ZetaView nanoparticles tracking analyzer (Particle Metrix, Germany). The EV sample was diluted with 1 × PBS to an appropriate concentration (107 ∼ 109/ml). Data were recorded and analyzed at 11 positions.
Laser scanning confocal microscope
A laser scanning confocal microscope is used to observe the combination of stained EVs and magnetic beads. The model EVs from the A549 cell were incubated with 0.5 mg Fe3O4@TiO2 beads for 10 min. After isolation, 20 μl of PE-labeled anti-CD63 antibodies was incubated with beads for 30 min in the dark. The beads were cleaned with 200 μl of PBS three times to remove uncombined antibodies. Fluorescence was observed and photographed by using a confocal laser microscope (Leica, Germany).
Extracellular vesicle microRNA extraction and detection
A schematic of the automatic isolation and detection of EVs based on Fe3O4@TiO2 is shown in Figure 1C. First, the magnetic rod was used to transfer Fe3O4@TiO2 to the sample. The magnetic rods were added on the cover immersed in the tube, followed by a frame shake up and down of the covers for better incubation and mixing. Upon completion of incubation, the magnetic rods dropped down into the cover. Once they slide in, the magnetic beads bind the cover again. The magnetic rods transfer the attached beads and the bound EVs into another tube containing the washing solution. Finally, the beads and the captured EVs were transferred into the elution solution for heat-lysis. The beads were removed, and the miRNAs from the EVs were left in the solution. To evaluate the recovery rate for the automatic instrument, we calculated the difference in the weight of the beads before and after the experiment. The miRNA-21 expression level was detected by RT-qPCR to evaluate the extraction effect. The primer sequences of RT-qPCR are shown in Supplementary Table S1.
[image: Figure 1]FIGURE 1 | Schematic of EV miRNA isolation based on Fe3O4@TiO2. (A) Principle for EV isolation based on Fe3O4@TiO2. After capture, miRNAs were released from the EVs by the heat-lysis method. (B) Process of manual EV miRNA isolation. The sample was incubated with Fe3O4@TiO2, and the beads were separated with magnets. Then, the supernatant was discarded after cleaning. Elution buffer was added to the beads to extract miRNAs. (C) Process of automated EV miRNA isolation. Binding buffer (pink), cleaning buffer (blue), and elution buffer (green).
A total of 500 μl of the A549 cell supernatant was incubated with Fe3O4@TiO2. Different methods were used to compare the extraction effect of miRNA, including the heat-lysis method, TRIzol, and the miRNeasy Serum/Plasma Advanced Kit (Qiagen, Germany). In the heat-lysis method, 50 μl of RNase-free water was added to the magnetic beads after EV enrichment and heated in a metal bath at 95°C for 5 min. After magnetic separation, the supernatant was transferred for miRNA detection. For the TRIzol method, 600 μl of TRIzol lysis solution was added to the magnetic beads and then mixed with chloroform. After centrifugation, the upper aqueous phase was transferred and mixed with 500 μl isopropanol.Eighty percent ethanol was used to wash the RNA, followed by pouring out the supernatant carefully and drying precipitation. To dissolve the RNA, 50 μl of RNase-free water was added. For the commercial kit method, the RNA extraction followed steps miRNeasy Serum/Plasma as per the advanced kit instruction. Finally, 50 μl of RNase-free water was added, followed by centrifugation at full speed for 1 min to elute miRNA.
Extracellular vesicle miRNA-21 analysis
First, the expression differences of miRNA-21 in EVs from A549 cells and BEAS-2B cells were compared. A total of 500 μl of the supernatant from each cell was incubated with 1 mg Fe3O4@TiO2 for 10 min. After washing, 50 μl RNase-free water was added to the magnetic beads, and miRNA was extracted using the heat-lysis method. Quantitative detection of miRNA-21 was performed by RT-qPCR. Each experiment was repeated three times.
An amount of 1 mg Fe3O4@TiO2 was used to enrich the EVs from the plasma of lung cancer patients and healthy persons. Next, 50 μl of RNase-free water was added to the magnetic beads, and miRNA was extracted by the heat-lysis method. Quantitative detection of miRNA-21 was performed by RT-qPCR, and the results were normalized with U6 as an internal reference.
RESULTS
Extracellular vesicle enrichment based on Fe3O4@TiO2
The principle for EV isolation based on Fe3O4@TiO2 is shown in Figure 1A. Fe3O4@TiO2 beads were spherical and monodispersed under electron microscopy (Supplementary Figure S1). The diameter of Fe3O4@TiO2 was observed to be approximately 300–500 nm. The elemental composition of magnetic beads is shown in the energy-dispersive X-ray (EDX) spectrum (Supplementary Figure S2). The model EV samples were prepared by ultracentrifugation from the A549 cell supernatant. As shown in Figure 1B, 1 mg Fe3O4@TiO2 was added to 100 μl model EVs and incubated for 10 min on a rotator at room temperature. After incubation, the beads were separated and washed with PBS three times and finally resuspended in 100 μl PBS buffer.
TEM images showed that the EVs maintained a round-cup morphology typical structure (Figure 2A), and the EVs were 50–150 nm in diameter as detected by NTA (Figure 2B). The Fe3O4@TiO2 beads captured with EVs were characterized by SEM (Figures 2C,D). The surface of the Fe3O4@TiO2 beads became rough because they combined with EVs. After Fe3O4@TiO2 was captured with PBS, EVs, and cell lysis, the beads were stained with the PE-labeled anti-CD63 antibody. The confocal laser scanning microscope (CLSM) pictures showed that red fluorescence was only observed when Fe3O4@TiO2 was incubated with EVs, indicating that Fe3O4@TiO2 had high affinity and specificity for EV capture (Figure 2E).
[image: Figure 2]FIGURE 2 | Characterization of EVs captured by Fe3O4@TiO2. (A) TEM image of model EVs. (B) Particle size analysis of EVs. (C) SEM image of Fe3O4@TiO2 after capture. (D) SEM image of single Fe3O4@TiO2 after capture. (E) Confocal laser scanning microscope image of Fe3O4@TiO2 captured with PBS, EVs, and cell lysis. EVs were stained with PE-labeled anti-CD63 antibody (red).
Optimization of capture conditions
To obtain high capture efficiency, we optimized capture conditions according to a previous research method (Pang et al., 2020). PKH26-stained EVs were incubated with Fe3O4@TiO2 under different capture conditions. The fluorescence intensity for the supernatant after magnetic separation was detected. We optimized the amount of Fe3O4@TiO2, incubation time, and pH value for the binding buffer. After incubation of EV samples and Fe3O4@TiO2, the fluorescence intensity of the supernatant was detected after magnetic separation by using SpectraMax M5 Microplate Readers (Molecular Devices, United States).
The capture efficiency was calculated according to the ratio of the fluorescence value in the supernatant and fluorescence value in the initial EV sample. As shown in Figure 3A, the capture efficiency increased with increased incubation time, and we obtained the best capture efficiency in 10 min. Buffer pH had a significant effect on the capture process. We obtained the best capture efficiency at pH value 5 (Figure 3B), which may be due to the positive charge of Fe3O4@TiO2, making it easier to combine with the EVs. The capture efficiency increased as the Fe3O4@TiO2 amount was increased from 0.01 to 0.8 mg. For further downstream experiments, 0.5 mg was the best fit (Figure 3C). The maximum capture efficiency reached 80%. In addition, according to SDS-PAGE results, Fe3O4@TiO2 beads can remove most impurity proteins in samples (Supplementary Figure S3). It indicated that Fe3O4@TiO2 beads have high affinity and specificity for EVs.
[image: Figure 3]FIGURE 3 | Optimization results for Fe3O4@TiO2 capturing conditions. (A) Optimization results for incubation time. (B) Optimization results for binding buffer pH value. (C) Optimization results for bead amount.
Automatic extracellular vesicle microRNA extraction
A strategy for automated extraction of EV miRNA was proposed by combining the automatic instrument for the EV extraction method based on Fe3O4@TiO2 (Figure 1C). Figure 4A is the internal structure of the automatic instrument. In short, Fe3O4@TiO2 beads were adsorbed onto magnetic rods in the machine that can help in the separation and cleaning of the beads. First, the magnetic rod was used to transfer the magnetic beads to the sample. The magnetic rods were added on the cover immersed in the tube, followed by a frame shake up and down of the covers for better incubation and mixing. Upon completion of incubation, the magnetic rods dropped down into the cover. Once they slide in, the magnetic beads bind the cover again. The magnetic rods transfer the attached beads and the bound EVs into another tube containing the washing solution, and the frame moves up and down for better cleaning. Finally, the beads and the captured EVs were transferred by the magnetic rod for heat-lysis. With the help of the magnetic rod, the beads were removed and the nucleic acid from the EVs was left in the solution.
[image: Figure 4]FIGURE 4 | Automated EV isolation and miRNA extraction. (A) Internal structure of the automated instrument. (B) Optimization results for elution temperature. (C) Optimization results for mixing speed. (D) Copy number of miRNAs from different EV miRNA extraction methods. (E) CT values from EV miRNA extraction in different matrixes. (F) Recovery rate for magnetic beads by the manual method and automatic method (*p < 0.05, **p < 0.01, and ***p < 0.001, ns, non-significant).
Before RT-qPCR detection and analysis, the standard curve of miRNA-21 was performed to verify the reliability of the primers (Supplementary Figure S4). Good linearity and a single product band indicated that it could be used for the detection of miRNA-21. To find the optimal condition in the automated equipment, the miRNA extraction effects were compared to different mixing speed level and temperatures. The grade 3 mixing speed was selected because the CT mean value for miRNA-21 was minimum (Figure 4B). The CT value decreased gradually when the temperature was increased (Figure 4C). So, we selected 90°C as the best lysis temperature. For verifying the advantages of this method in extraction, we compared the extraction effect of the heat-lysis method with TRIzol and the miRNeasy Serum/Plasma Advanced Kit. As shown in Figure 4D, the copy number of the heat-lysis method was about 7.5 times that of the TRIzol method and 5.8 times that of the kit method. Therefore, the heat-lysis method had better performance in EV miRNA extraction.
Different matrices were compared to study the influence factors for EV miRNA extraction, including PBS, DMEM, and exosome-free FBS. As shown in Figure 4E, the CT values for miRNA-21 extracted from the three matrices were the same, without significant difference. The results showed that the method for EV miRNA isolation by magnetic beads has wide adaptability. To compare the recovery rate for the automatic instrument and manual method, we calculated the weight ratio of the weight of the beads before and after the experiment. As shown in Figure 4F, the recovery rate for the magnetic beads on the automatic instrument reached up to 96%, while the highest recovery rate for the magnetic beads by the manual method was only 86%. The SD value for the instrumental method was also lower than that of the manual method, indicating that the recovery and repeatability of the instrumental method was better than that of the manual method. The repeatability of methods is particularly important in clinical testing. We used several human plasma samples (n = 10) to perform EV miRNA extraction and RT-qPCR detection of miRNA-21. All CT values were between mean ± 3 SD (Figure 5). The extraction of EV miRNA was confirmed to have good reproducibility by the repeated test.
[image: Figure 5]FIGURE 5 | Repeated experimental results of automated EV miRNA isolation and detection (n = 10).
Extracellular vesicle miRNA-21 analysis
To demonstrate the possibility of applying this extraction method for research and clinical application, first, we verified it in a cell culture medium of human normal lung cell BEAS-2B and lung cancer cell A549. We found that the expression level of miRNA-21 in the EVs derived from A549 cells was significantly higher than that for the BEAS-2B cells (Figure 6A). Moreover, we compared the EV miRNA-21 expression from plasma after EV miRNA was extracted by the automated method based on Fe3O4@TiO2. As shown in Figure 6B, the expression level of EV-derived miRNA-21 in the plasma from lung cancer patients was significantly higher than that of healthy persons. These results indicate that miRNA-21 can be used as a marker to distinguish lung cancer, which is consistent with the results from previous studies (Jin et al., 2017). This method can be used to detect clinical samples with advantages of more speed and convenience.
[image: Figure 6]FIGURE 6 | EV miRNA-21 analysis from different samples. (A) Difference in EV-derived miRNA-21 expression between A549 cells and Beas-2B cells (*p < 0.05). (B) Difference in plasma EV–derived miRNA-21 expression between healthy persons (n = 15) and lung cancer patients (n = 20) (*p < 0.05).
DISCUSSION
The challenges of EV isolation methods, such as complicated operation and low recovery rate, limit research and application of EV miRNA. Recently, TiO2 was discovered to have the ability to capture EVs. The Ti4+ on the surface of Fe3O4@TiO2 can combine with the phosphate groups on the EV membrane (Pang et al., 2020). The recovery rate for the EVs was up to 80% based on Fe3O4@TiO2 in 10 min. By contrast, the EV recovery rate for the ultracentrifugation method was less than 20% (Pang et al., 2020). Our research results showed that Fe3O4@TiO2 successfully enriched EVs. The combination of magnetic beads and the automation method can obtain higher efficiency within less time (Supplementary Table S2) (Li et al., 2013).
The traditional TRIzol method or commercial kit is usually used to extract EV miRNA, which requires a large sample, cumbersome operation, and has poor repeatability. Considering that the enrichment of Fe3O4@TiO2 reduced the components of proteins and nucleic acid pollutions, direct heat-lysis on the beads to extract RNA minimized the miRNA loss in a short time. The heat-lysis method has a significantly larger amount of EV miRNA. It has been reported that the RT-qPCR samples can be prepared by heat treatment of swab samples to diagnose COVID-19 (Bruce et al., 2020; Fomsgaard and Rosenstierne, 2020). Our experimental results show that miRNA-21 is highly expressed in EVs of lung cancer cells and plasma of lung cancer patients, consistent with other research studies (Bica-Pop et al., 2018).
In conclusion, we established a rapid and automatic EV miRNA extraction technology based on Fe3O4@TiO2 beads, which will provide a very efficient tool for the clinical detection of EV miRNA. This method not only reduced the loss of nucleic acid during extraction steps but also avoided manual errors through automated procedures. We can effectively extract miRNA from only 50 μl plasma samples for detection, which is superior to TRIzol extraction technology and commercial kit. At present, the EV nucleic acid extraction method is relatively complex, and there is a large loss of nucleic acid in the operation process, which usually requires a 200 μl to 1 ml sample. The automated extraction method in our research has the advantages of high throughput, is fast, and requires less number of samples, which is very suitable for point-of-care testing (POCT) in clinical use. In addition to nucleic acid extraction, this method can be easily extended and used for the detection of various types of markers such as protein and lipid.
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Magnetic nanoparticles (MNPs) can be quantified based on their magnetic relaxation properties by volumetric magnetic biosensing strategies, for example, alternating current susceptometry. Volume-amplified magnetic nanoparticle detection assays (VAMNDAs) employ analyte-initiated nucleic acid amplification (NAA) reactions to increase the hydrodynamic size of MNP labels for magnetic sensing, achieving attomolar to picomolar detection limits. VAMNDAs offer rapid and user-friendly analysis of nucleic acid targets but present inherence defects determined by the chosen amplification reactions and sensing principles. In this mini-review, we summarize more than 30 VAMNDA publications and classify their detection models for NAA-induced MNP size increases, highlighting the performances of different linear, cascade, and exponential NAA strategies. For some NAA strategies that have not yet been reported in VAMNDA, we predicted their performances based on the reaction kinetics and feasible detection models. Finally, challenges and perspectives are given, which may hopefully inspire and guide future VAMNDA studies.
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INTRODUCTION
Magnetic micron/nano-sized particles stand out in comparison to alternative nanomaterials due to their unique properties, for example, easy manipulation, biocompatibility, signal stability, and high contrast (against the inherently negligible magnetic susceptibilities of biological objects), allowing for extensive applications in biomedical engineering (Gloag et al., 2019; Moerland et al., 2019; Cheng et al., 2021). Magnetic nanoparticles (MNPs), including micron-sized particles consisting of nanocomposites, can be directly analyzed as labels and transducers by magnetic sensors, facilitating an ideal mix-and-read biosensing approach that is attractive for on-site analysis and point-of-care testing (Schrittwieser et al., 2016; Xianyu et al., 2018). Based on the sensing principle, MNP detection sensors can be classified as surface-based and volumetric sensors (Issadore et al., 2014). Surface-based MNP sensing (e.g., micro-Hall sensing and giant magnetoresistance sensing) detects the MNP’s magnetic stray field induced by an external magnetic field. Due to the fast decay of the magnetic stray field with distance, only MNPs located close to the surface of the sensing element can be detected with the requirement of separation steps to remove unbound MNPs. In contrast, volumetric magnetic sensing could measure the presence and/or the property (e.g., relaxivity) changes of MNPs dispersed in the entire suspension, which is simple and convenient (Lee et al., 2015), especially when combined with homogeneous reaction strategies. The hydrodynamic size changes of MNPs are related to several magnetic properties such as Brownian relaxation frequency and magnetic anisotropy, allowing the volume-amplified magnetic nanoparticle detection assay (VAMNDA) (Strömberg et al., 2008) based on different volumetric magnetic sensors.
Various nucleic acid amplification (NAA) strategies have been employed to increase the hydrodynamic volume of MNPs in VAMNDA. The hydrodynamic size increase of MNPs can be induced by analyte-initiated NAA in three detection models: (I) micrometer-sized single-stranded tandem amplicon coil-induced MNP aggregation, (II) amplicon monomer-mediated MNP linkage, and (III) double-stranded tandem amplicon chain-based MNP “hair growth,” as illustrated in Figure 1A i, ii, and iii, respectively. In VAMNDA, the NAA-induced hydrodynamic size changes of MNPs are usually analyzed by alternating current (AC) susceptometry (or equivalent methodologies), measuring the susceptibility of MNPs exposed to an AC magnetic field. For commonly used MNPs with diameters of 30–300 nm, the MNP’s relaxation process after switching off the external field is dominated by thermal rotational diffusion, that is, Brownian relaxation (Strömberg et al., 2007b). In AC susceptometry, for the simplest case, the Brownian relaxation frequency [image: image] of the MNP is found as the peak position of the out-of-phase magnetic susceptibility [image: image] spectrum shown in Figure 1B (Cole and Cole, 1941; Strömberg et al., 2007a): [image: image], where [image: image] is the thermal energy, [image: image] is the viscosity of the suspension, and [image: image] is the hydrodynamic volume of MNP. Accordingly, AC susceptometry can be applied for analyzing the concentration (related to the peak amplitude) and the hydrodynamic size (related to the peak frequency) of MNP objects, enabling the quantification of the target molecule initiating NAA. Most of the other magnetic sensing principles used in VAMNDA, such as optomagnetic sensor (Donolato et al., 2015a; Fock et al., 2017a, 2017b) and anisotropic magnetoresistance sensor (Østerberg et al., 2013a; 2013b, 2014), were designed referring to the AC susceptometry (Figure 1C). Detection schematics of AC susceptometer (with a lock-in amplifier), optomagnetic sensor, and ferromagnetic resonance spectrometer are illustrated in Figures 1D, E, and F, respectively. The critical performances of these VAMNDAs, for example, the limit of detection (LOD) and the total assay time, are determined mainly by the NAA strategy (Xiao et al., 2022). Herein, we introduce the concepts and performances of different NAA strategies employed in VAMNDAs, followed by the discussion of challenges and perspectives in this technique, which may hopefully inspire and guide future VAMNDA studies.
[image: Figure 1]FIGURE 1 | The basic principle of volume-amplified magnetic nanoparticle detection assays. (A) Three typical detection models for the nucleic acid amplification-based hydrodynamic size increase of MNPs, instanced by conventional, nicking-enhanced, and hyperbranched rolling circle amplification strategies, respectively. (B) Spectra of normalized in-phase and out-of-phase magnetic susceptibility ([image: image] and [image: image]), represented by solid and dashed lines, respectively. (C) Spectra of normalized in-phase and out-of-phase optomagnetic output, corresponding to [image: image] and [image: image] in AC susceptometry, represented by solid and dashed lines, respectively. Panels (B,C) are adapted with permission from Tian et al. (2017), Copyright 2017, American Chemical Society. Detection schematics of (D) AC susceptometer (with a lock-in amplifier), (E) optomagnetic sensor, and (F) ferromagnetic resonance spectrometer. Panel F is adapted with permission from Tian et al. (2018a), Copyright 2018, American Chemical Society. (G) Scanning electron microscopy micrograph of core-satellite magnetic superstructures with 100 nm MNP satellites. Adapted with permission from Tian et al. (2018b), Copyright 2017, American Chemical Society. (H) Transmission electron microscopy micrograph of 130 nm MNPs aggregated by a DNA coil (only a salt precipitate can be observed). Adapted with permission from Akhtar et al. (2010), Copyright 2010, American Chemical Society. (I) Atomic force microscopy micrograph of 100 nm MNPs aggregated by a DNA coil. Adapted with permission from Oropesa-Nuñez et al. (2020), Copyright 2020, American Chemical Society.
ROLLING CIRCLE AMPLIFICATION
Owing to its simplicity, robustness, and high efficiency, rolling circle amplification (RCA) is the most widely adopted isothermal NAA in biomedical engineering (Ali et al., 2014; Soares et al., 2021; Yao et al., 2021). RCA is the most effective linear amplification due to (I) the conformational stresses that facilitate the strand displacement (Joffroy et al., 2018) and (II) the high polymerizing processivity of the polymerase (whereas in linear template-based amplification reactions, polymerases undergo cycles of diffusion-polymerization-dissociation). In phi29 polymerase-based RCA, ca. 105 nt-long single-stranded tandem amplicons (about 103 times amplification) can be synthesized in 1 h (Banér et al., 1998). Moreover, a single-nucleotide specific process, that is, padlock probe ligation, is usually employed to prepare circular templates for the following RCA, offering the whole reaction system an ability of single-nucleotide discrimination (Nilsson et al., 2000). RCA amplicons form micrometer-sized DNA coils in the aqueous solution, which can be quantified by VAMNDA model I (Figure 1A, i). Figure 1G shows a representative scanning electron microscopy micrograph of RCA coil-aggregated MNPs on the surface of microbeads, demonstrating the formation of micrometer-sized MNP aggregates (Tian et al., 2018b). RCA coil-aggregated MNPs have dramatically increased hydrodynamic volumes characterized by a [image: image] peak located at low frequencies (usually out of the detection window). As the remaining unbound MNPs instead of the aggregated MNPs are detected, high signal homogeneity can be obtained, allowing multiplex detection employing MNP labels of different sizes (with distinguishable [image: image] peaks) (Strömberg et al., 2009, 2014; Tian et al., 2017).
For RCA-based end-point VAMNDA, where an additional hybridization step is required to anneal probe-modified MNPs onto the coils, 1–10 pM, LODs were reported with total assay times around 2 h (including 1 h of RCA) and dynamic detection ranges of approximately two orders of magnitude (Donolato et al., 2015b; Bejhed et al., 2015; Blomgren et al., 2018; Sepehri et al., 2018; Tian et al., 2019b). By using a microfluidic sample handling system with a simultaneous differential sensor, Sepehri et al. improved the picomolar LOD to 45 fM, being the most sensitive conventional RCA-based VAMNDA (Sepehri et al., 2019). However, in the end-point detection format, MNPs can probably be stopped at the surface of RCA coils due to the multivalent binding reaction, resulting in a limited aggregation effect (Zardán Gómez de la Torre et al., 2010). Transmission electron microscopy and atomic force microscopy studies showed that only a few particles were bound to each RCA coil (Figures 1H, I), suggesting potentially higher sensitivity of the real-time MNP aggregation-based assay (Akhtar et al., 2010; Oropesa-Nuñez et al., 2020). In order to increase the MNP-to-coil ratio and shorten the total assay time, real-time VAMNDAs were presented by performing RCA and MNP hybridization simultaneously with magnetic incubation (i.e., applying magnetic actuation to enhance the binding kinetics) and optomagnetic phase lag sensing, which could achieve an LOD of 0.3 pM. within 90 min (Tian et al., 2019a; Minero et al., 2020).
Due to the steric hindrance and electrostatic repulsion, real-time RCA can hardly achieve the theoretical highest sensitivity (Zardán Gómez de la Torre et al., 2010). Nicking-enhanced RCA (NickRCA) performs nicking reactions during RCA, generating single-stranded amplicon monomers instead of amplicon coils (Li et al., 2010). Moreover, NickRCA allows several polymerases to act simultaneously on one single circular template, which further improves the amplification efficiency (Tian et al., 2019a). Amplicon monomers can bridge MNPs for turn-on measurement (detection model II, Figure 1A, ii). By real-time optomagnetic sensing of MNP phase lag in response to an AC field, NickRCA achieved an LOD of 15 fM target DNA with a total assay time of ca. 100 min (Tian et al., 2019a), which is the lowest LOD obtained by linear amplification-based VAMNDAs. As a comparison, optomagnetic analysis of synthetic DNA monomers (without NAA) presented an LOD of 50 pM. (Mezger et al., 2015), suggesting amplification of NickRCA of ca. 3 × 103 times.
Linear RCA-based VAMNDAs have been demonstrated for the quantification of bacterial/viral sequences (representing, e.g., influenza virus), discrimination of drug-resistance single-nucleotide mutations of Mycobacterium tuberculosis, and biplex detection of Vibrio cholerae and Escherichia coli. However, LODs at a 10−14 M range for nucleic acid targets are still inferior for many clinical applications (e.g., virus detection), suggesting the utilization of more efficient NAA strategies.
RCA-BASED CASCADE AMPLIFICATION
A cascade amplification strategy consists of tandemly performed amplification reactions, where the product of one amplification reaction is the trigger, primer, or template of the subsequent amplification reaction. Cascade amplification strategies are versatile to involve various tool enzymes at the expense of complicated strategy design (e.g., polymerases with exonucleolytic activity can digest the intermediate amplicons), especially for the one-pot homogeneous cascade amplification strategies that are preferred for VAMNDA. By stepwise performing [image: image] round of linear amplification reactions with the same amplification efficiency [image: image], a cascade amplification obtains an ideal efficiency of [image: image]. Therefore, under ideal conditions, the maximum cascade amplification efficiency, [image: image], can be achieved at [image: image]. However, for homogeneous cascade amplification, [image: image]. In reality, however, considering the complicated design/operation and efficiency losses, only two to three reactions are tandemly incorporated for target detection.
Circle-to-circle amplification (C2CA, illustrated in Figure 2A) is a representative cascade amplification that converts RCA amplicon coils into multiple circular monomers (through endonuclease monomerization followed by ligation) as templates for subsequent RCA (Dahl et al., 2004). The ideal gain of C2CA (i.e., the quantity of generated amplicon) is [image: image], where [image: image] is the amplification efficiency of RCA and [image: image] is the reaction time of RCA round [image: image]. For immuno-recognition of Bacillus globigii spores followed by a proximity ligation assay and C2CA for VAMNDA, LODs of ca. 500 and 50 spores were reported by incorporating two and three RCA rounds, respectively (Zardán Gómez de la Torre et al., 2012). Other C2CA-based VAMNDA studies also suggested sub-femtomolar LODs for the bacterial DNA (synthetic and patient samples containing Escherichia coli sequences) but without showing a systematic dose-response curve or signal-noise analysis (Göransson et al., 2010; Mezger et al., 2015). Despite the high sensitivity, conventional C2CA requires tedious and time-consuming stepwise operations with different reaction temperatures (since monomerization and ligation are incompatible processes) and can only be analyzed in an end-point format (model I or II).
[image: Figure 2]FIGURE 2 | (A) Schematic illustration of conventional C2CA. (B,C) Schematic illustration and time-resolved optomagnetic signals (phase lag increases) of NECA-based VAMNDA. (D,E) Schematic illustration and time-resolved optomagnetic signals of HC2CA-based VAMNDA. (F) Time-resolved optomagnetic signals of PG-RCA-based VAMNDA. Panels (C,E,F) are adapted with permission from Tian et al. (2020a, 2020b, 2020c), Copyright 2020, Elsevier and Oxford University Press. (G) Illustration of HRCA processes on the RCA coil (amplicons that have already been released from the RCA coil are not shown). A8 means the eighth amplicon produced on the RCA coil (A1-A7 have been released), and A8.3 means the third amplicon produced on A8 (A8.1 and A8.2 have been released).
For homogeneous cascade amplification, nicking-assisted on- and off-loop enzymatic cascade amplification (NECA, illustrated in Figure 2B) comprises a NickRCA to generate primers of a subsequent strand-displacement amplification (SDA) for VAMNDA model II (Tian et al., 2020a). Both NickRCA and SDA were designed with the same template sequence: a padlock probe ligation process was employed to produce the circular template of NickRCA, leaving unligated padlock probe molecules in the suspension served as the template of SDA. Before all the templates are occupied, the ideal gain of NECA follows a quadratic function, [image: image], where [image: image] is the reaction time and [image: image] and [image: image] are the efficiencies of NickRCA and SDA, respectively. After all the templates are occupied, amplicons are produced linearly with time, resulting in a quadratic-linear time-resolved signal increase (Figure 2C) with an LOD of 2 fM (detecting a synthetic Dengue virus sequence) obtained in ca. 70 min (Tian et al., 2020a).
Homogeneous C2CA (HC2CA, illustrated in Figure 2D) employs NickRCA to produce primers for the subsequent RCA, combining two amplification reactions in a one-pot homogeneous reaction to eliminate additional monomerization and ligation steps (Tian et al., 2020b). However, the secondary circular template competes with the detection probe. Thus, the RCA coils can hardly be monitored before all circular templates are occupied (either by a primer or by an amplicon coil), indicated by a dead time during which no signal can be detected: [image: image], where [image: image] is the concentration of the circular template and [image: image] is the target concentration. For [image: image], a linearly increased signal can be observed (Figure 2E) with an ideal gain of [image: image]. For the quantification of a synthetic SARS-CoV-2 RdRp sequence based on detection model I, HC2CA presented an LOD of 0.4 fM with a total assay time of ca. 100 min (Tian et al., 2020b). Although sensitive and robust (against background amplification), homogeneous cascade amplification strategies such as NECA and HC2CA are difficult to design and optimize, which limits their applications.
EXPONENTIAL AMPLIFICATION
An exponential amplification reaction, for example, the polymerase chain reaction (PCR), generates amplicons serving as the trigger, primer, or template of the reaction itself. NickRCA can react exponentially if the circular templates are added as reagents (instead of being prepared by padlock probe ligation), which is known as primer-generation RCA (PG-RCA) (Murakami et al., 2009). PG-RCA amplicons can trigger the formation of MNP dimers for detection model II, obtaining an attomolar LOD for a synthetic Dengue virus sequence (Figure 2F) (Tian et al., 2020c). However, the rapid generation of amplicon monomers requires real-time MNP binding. Otherwise, MNPs could be saturated by an excess amount of amplicons without a significant hydrodynamic size increase. Considering that some exponential NAAs include either high-temperature processes or molecular crowding agents, real-time VAMNDAs based on these NAAs are challenging. This may explain why PCR, EXPAR (exponential amplification reaction), and RPA (recombinase polymerase amplification) have not been reported in VAMNDA so far.
Loop-mediated isothermal amplification (LAMP) produces double-stranded amplicons of different lengths. By using biotinylated primers, LAMP amplicons can attach to the streptavidin-modified MNPs for VAMNDA model III, which can be achieved by either an end-point MNP binding or a real-time on-particle amplification, resulting in attomolar LODs for different synthetic (e.g., a Zika virus sequence) and real (e.g., Newcastle disease virus) targets within 30 min (Tian et al., 2016b, 2016c; Minero et al., 2017). Except for the amplicon-based detection, precipitation of Mg2P2O7 (a by-product of LAMP) onto MNPs can also be utilized for VAMNDA, providing a sub-femtomolar LOD by using a ferromagnetic resonance spectrometer (Tian et al., 2018a). Similar to LAMP, hyperbranched RCA (HRCA) is an exponential amplification strategy producing double-stranded amplicons of different lengths. HRCA employs a pair of primers to trigger SDA on the RCA coil (Figure 2G) with a gain of [image: image]. Although HRCA has not yet been reported in VAMNDA, we predict that HRCA-based VAMNDA can be realized in the detection model III (Figure 1A, iii).
CHALLENGES AND PERSPECTIVES
Existing VAMNDA models present inherence defects: model I requires long single-stranded amplicons that can hardly be produced with high efficiency; model II has to discriminate MNP dimers from a background of individual MNPs; model III is limited by the length distribution of amplicons and cannot distinguish false-positive amplicons. Moreover, the sensitivity of VAMNDA is determined mainly by the amplification efficiency of the NAA strategy, implying that exponential NAAs are preferred for lower LODs. However, due to the mispriming, ab initio DNA synthesis, and polymerase side-reactions, nonspecific synthesis of false-positive products is inevitable in highly effective NAA reactions, especially the exponential ones (Zyrina and Antipova, 2021). A CRISPR/Cas12a-based internal negative control system was reported in combination with VAMNDA, which could indicate the onset of nonspecific amplification (Tian et al., 2020c). Nevertheless, such a warning system cannot suppress nonspecific amplification. We expect that the problem of nonspecific synthesis can hopefully be solved in the future by applying highly accurate and programmable techniques such as DNA logic gates.
For the purpose of system automation and miniaturization, one-pot homogeneous reactions are preferred for VAMNDA. However, clinical applications of NAA strategies usually consist of a series of processes such as analyte extraction and purification. The lab-on-a-disc technique can integrate multi-step assays into a chip on which density gradient centrifugation and centrifugo-pneumatic valving can be processed, facilitating a compact and fully automated sample-to-answer biosensor (Uddin et al., 2018). In another RCA-based VAMNDA study (Garbarino et al., 2019), all the detection processes, including target capture, padlock probe ligation, molecular amplification, and optomagnetic detection, were integrated into a microfluidic chip containing three connected reaction chambers, below which a motorized permanent magnet was positioned to move analytes (captured by magnetic microparticles) along the fluid channel.
For homogeneous VAMNDAs without any washing/separation steps, the multiplex sensing can be realized by utilizing MNPs showing distinct relaxivities. As reviewed in a previous section, MNPs of different hydrodynamic volumes can be distinguished based on their characteristic [image: image] peaks for multiplex detection. However, due to the influence of MNP uniformity, only biplex VAMNDAs using 100 (or 80) and 250 nm sized MNPs have been demonstrated by far (Strömberg et al., 2009; Tian et al., 2016a, 2017). Finding the third MNP size with a distinguishable magnetic signal is not easy: smaller MNPs have weaker magnetic responses, whereas larger MNPs are easier to sediment and less sensitive to size changes. In order to solve this problem, VAMNDA studies can be carried out on multi-transducer platforms that analyze signals of different energies with lock-in techniques, which requires more interdisciplinary collaborations in the future.
Portable and ease-of-use magnetic biosensing systems based on the VAMNDA concept have been commercialized for clinical applications, for example, one-drop-of-blood quantitative virus tests (blusense-diagnostics.com). However, these commercialized biosensors were realized based on the (target antibody-induced) immuno-agglutination but not NAA, which could probably be explained by the lack of reliable and sensitive homogeneous isothermal amplification strategies with proper controls of background amplification. Nevertheless, some NAA-based VAMNDAs were verified by testing clinical samples such as virus specimens (vaccine and tissue) (Tian et al., 2016b) and bacterium specimens (urine) (Mezger et al., 2015), implying potential applications in diagnosis.
CONCLUSION
Following the trends of nanoscience, magnetics, and sensing techniques over the last decade, VAMNDAs have undergone a pronounced evolution toward point-of-care testing. However, despite the rapidly improved biosensing performances, technical challenges remain. We herein provide an overview of VAMNDA and introduce the concepts and performances of different NAA strategies employed in this technique. Thereafter, limitations and prospects toward point-of-care applications are discussed. We hope that this mini-review will motivate studies to help solve the current limitations that are preventing VAMNDA from clinical applications.
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Herpes disease is caused by Herpes simplex virus (HSV). It has become one of the global health problems. This paper reports a method for HSV type testing. First specific primers sequence for HSV-1 and HSV-2 were selected, designed, and synthesized. Then, these amplification products were proved by sequencing and analysis. Lastly, we optimized the reaction system and PCR reaction program by orthogonal design and sensitivity testing. Results showed that the lowest concentration in HSV-type testing is about 6.67 × 106 copies/ml. Moreover, the specificity of detection was very high. So, this method has very great potentials for HSV type testing in clinical practice.
Keywords: HSV-1, HSV-2, orthogonal design, primer design, HSV typing
INTRODUCTION
Herpes disease, caused by Herpes Simplex Virus (HSV), has become one of the global health problems (Looker et al., 2017). HSV can cause high infant morbidity and infant mortality with mother-to-child transmission (James and Kimberlin, 2015). It includes Herpes simplex virus type 1 (HSV-1) and Herpes simplex virus type 2 (HSV-2), which are double-stranded DNA viruses belonging to the Herpesviridae family (Salvatore et al., 2019), causing persistent infection in the trigeminal or lumbosacral ganglia (Christine et al., 2016). Besides, the HSV-associated disease becomes malignant when the virus gets access to the central nervous system, which may result in herpes encephalitis (Koujah et al., 2018). HSV-1 mainly causes infection of skin other than genital organs, mucosa (oral mucosa), and organs (brain). HSV-2 mainly causes genital musoca skin infection. However, in these years, it is found that HSV-1 can be transmitted via sexual contact and genital herpes may also occur due to transmission of HSV-1 by oral-genital contact (Christian et al., 2019; Khan et al., 2019), which means that the line between HSV-1 and HSV-2 infection has become increasingly blurred and both viruses can infect genital epithelial cells and produce the same pathological mechanisms. And given that the latest literature reports that the HSV-2 has infected more than 700 million people worldwide, early selection of appropriate methods for accurate diagnosis of HSV is particularly important (Dropulic et al., 2019; Harfouche et al., 2021; Rice, 2021).
At present, HSV detection methods mainly include cytology, immunology, molecular biology detection and so on. For example; 1) Virus isolation and culture is a reliable basis for definitive diagnosis of HSV infection in clinical practice today, but its operation is cumbersome and the time is long, and also needs other methods to assist identification (Qi et al., 2020; Wijesinghe et al., 2021). 2) Immunoassay has high specificity and insufficient sensitivity, which may lead to false negative (Chauhan et al., 2018; Fatima et al., 2021). 3) Nucleic acid detection methods in molecular biology have outstanding advantages, such as high sensitivity and specificity (Chen et al., 2020; Tang et al., 2020; Chen et al., 2022; Liu et al., 2022). So, this study aimed to design a PCR typing detection method for detecting HSV-1 or HSV-2 in the same reaction system (Figure 1), and it has high specificity and is difficult to appear with false positive. This work hopes to provide some new ideas for researchers in HSV-type identification in clinical practice.
[image: Figure 1]FIGURE 1 | The flowchart for optimization of a high specificity typing PCR method. PCR, polymerase chain reaction.
MATERIALS AND METHODS
Materials
We chose the CDS region of HSV-1 and HSV-2 as the target gene sequence. Then we compared homologous sequences on NCBI to identify the target sequence. The plasmids from HSV-1 and plasmid from HSV-2 were synthesized by Sangon Biotech (Shanghai, China) (Table 1). The MIX used for PCR (including Taq DNA polymerase, dNTPs, buffer, etc.) was a 2x concentrated PCR amplification premixed solution purchased from Sangon Biotech (Shanghai, China). PCR not only removes the complex operation process by adding templates and primers to the system, but also saves time. According to the design principles for PCR primers, those primers were designed by using primer 5 software for our selected gene regions (Table 2).
TABLE 1 | Sequence information for plasmid used for polymerase chain reaction.
[image: Table 1]TABLE 2 | Sequence information of the primers used for polymerase chain reaction.
[image: Table 2]Design primer for PCR assays
We design the two pairs of designed primers for PCR and verify them useful. The reaction components for PCR assays were as follows: 12.5 μl PCR Mix, 10 μl dd H2O, 0.5 μl HSV-1 template or HSV-2 template, 1 μl primer 1-F and 1 μl primer 1-R or 1 μl primer 2-F and 1 μl primer 2-R. It was amplified in Eppendorf Master cycler PCR instrument (Eppendorf, Hamburg, Germany) for predegeneration at 72°C for 5 min, and then 35 cycles at 95°C 30 s, 58°C for 30 s, and 72°C 30 s, followed by a final extension at 72°C for 10 min. The PCR products were sequenced by Sangon Biotech (Shanghai, China), after being analyzed by 1% agarose gel.
PCR typing assays
To verify whether the typing PCR was feasible. The reaction components for the PCR assays were as follows:12.5 μl PCR Mix, 10 μl dd H2O, 0.5 μl HSV-1 template or HSV-2 template, 0.5 μl primer 1-F, 0.5 μl primer 1-R, 0.5 μl primer 2-F, 0.5 μl primer 2-R. It was amplified in Eppendorf Master cycler PCR instrument (Eppendorf, Hamburg, Germany) for predegeneration at 95°C for 5 min, and then 35 cycles at 95°C 30 s, 58°C for 30 s, and 72°C 30 s, followed by a final extension at 72°C for 10 min. Finally, the PCR products were analyzed by 1% agarose gel.
Optimization of reaction system by orthogonal design
Referring to others’ work (Zeng et al., 2015; Zeng et al., 2016; Tang et al., 2018; Mou et al., 2019; Gong et al., 2021), the gradient experiments for single factor and multilevel orthogonal design were integrated and results from the two experiments were analyzed to find the best PCR reaction system (Table 3).
TABLE 3 | Reaction system information for optimization by orthogonal design (μl).
[image: Table 3]Optimization of PCR reaction program by orthogonal design
As shown in Table 4, the gradient experiments for single factor and multilevel orthogonal design were integrated and results from the two experiments were analyzed to find the best PCR reaction conditions. The predegeneration was at 95°C for 5 min and final extension was at 72°C for 10 min.
TABLE 4 | Information for polymerase chain reaction program optimization by orthogonal design.
[image: Table 4]Sensitivity experimental design
We diluted the plasmid of HSV-1 and plasmid from HSV-2 at 6.67 × 1010 copies/ml to 6.67 × 106 copies/ml concentrations in a 10-fold gradient with dd H20. Plasmids (from 6.67 × 108 copies/ml to 6.67 × 105 copies/ml) with different concentrations were added into the reaction system. It was then amplified in a PCR instrument (Eppendorf, Hamburg, Germany) for predegeneration at 95°C for 5 min, and then 35 cycles at 95°C 20 s, 59°C for 35 s, and 72°C 45 s, followed by a final extension at 72°C for 10 min.
RESULTS AND DISCUSSION
The feasibility of primers
The results from verifications of our designed primers are shown in Figure 2 below. The location of the bands was correct, and the bands had high specificity. Then the products were sent to company (Shanghai, China) for sequencing. The sequencing results are shown in Figure 3, and the results are correct. The designed primers were then used for subsequent experiments.
[image: Figure 2]FIGURE 2 | Agarose gel electrophoresis of amplification product. M: Marker; Lane 1, primers PCR-H1-F and primer PCR-H1-R; Lane 2, primers PCR-H2-F and primer PCR-H2-R; Lane 3, Negative control of primers PCR-H1-F and primer PCR-H1-R; Lane 4, Negative control of primers PCR-H2-F and primer PCR-H2-R.
[image: Figure 3]FIGURE 3 | The sequencing result for herpes simplex virus polymerase chain reaction products. (A) The sequencing peak map for HSV-1-F; (B) The sequencing peak map for HSV-1-R; (C) Assembling from sequencing data of herpes simplex virus 1; (D) The sequencing peak map for HSV-2-F; (E) The sequencing peak map for HSV-2-R; (F) Assembling from sequencing data for herpes simplex virus 2.
PCR typing system detection
Using the confirmed reaction system, we added the HSV-1 template plasmids into tube-1, and template plasmids from HSV-2 into tube-2. We then added dd H2O into tube-3 as a negative control. The results are shown in Figure 4. The obtained bands’ specificity was high, and nonspecific amplification did not appear in our result.
[image: Figure 4]FIGURE 4 | Agarose gel electrophoresis of typing polymerase chain reaction product. M: marker; line 1, typing polymerase chain reaction product of herpes simplex virus 1; line 2, typing polymerase chain reaction product of herpes simplex virus 2; Lane 3, Negative control.
Optimization of reaction system
Nine different combinations of experiments were analyzed and optimized due to differences in the templates, primers, and MIX. As shown in Figure 5, we can see that 1, 2, 3, 4, 5, and 7 bands for HSV-1 were greater than 6, 8, and 9. 5, 7, 8, and 9 for the nine HSV-2 systems were significantly brighter than for other systems. Combining above analysis, system 5 (12.5 μl PCR Mix, 10 μl dd H2O, 0.5 μl HSV-1 template or HSV-2 template, 0.5 μl primer 1-F, 0.5 μl primer 1-R, 0.5 μl primer 2-F, 0.5 μl primer 2-R) was the best choice.
[image: Figure 5]FIGURE 5 | Agarose gel electrophoresis of polymerase chain reaction product of reaction system optimization (A) Agarose gel electrophoresis for polymerase chain reaction product of optimization of herpes simplex virus -1 reaction system. M: Marker; Lane 1–9, primers PCR-H1-F and PCR-H1-R PCR product of optimization of herpes simplex virus 1 reaction system. (B) Agarose gel electrophoresis for polymerase chain reaction product optimization of herpes simplex virus 2 reaction system. M: Marker; Lane 1–9, polymerase chain reaction product of optimization of herpes simplex virus 2 reaction system.
Optimization of the PCR reaction program
Different combinations of 16 sets of PCR reaction programs were analyzed and optimized, and the results are shown in Figure 6. In HSV-2’s program optimization, the third program band was brighter than in the other programs. With HSV-1’s program optimization, the difference in the results was small. Combining both analyses, the third program band was clear, and had good stability. So, program 3 (degeneration time 20 s, annealing temperature 59 degrees, annealing time 35 s, extension time 45 s) was the best reaction program.
[image: Figure 6]FIGURE 6 | Agarose gel electrophoresis for polymerase chain reaction product optimization of polymerase chain reaction program. (A,B) Product of herpes simplex virus 1; M: marker; line 1–16, PCR product optimization of polymerase chain reaction program for herpes simplex virus 1; (C,D) Product of herpes simplex virus 2; M: marker; line 1–16, polymerase chain reaction product optimization of polymerase chain reaction program for herpes simplex virus 2.
Sensitivity inspection
The primer length designed in this experiment was more than 30 bp, slightly larger than the traditional PCR primer design length (The traditional PCR primer design length is about 15–30 bp). It enhanced the specificity of PCR amplification, leading to a certain decrease in the amplification efficiency as shown by results in Figure 7. 6.67 × 108 copies/ml-6.67 × 106 copies/ml can get bands, 6.67 × 105 copies/ml can’t get bands, so the lowest concentration in HSV-type testing is about 6.67 × 106 copies/ml.
[image: Figure 7]FIGURE 7 | Agarose gel electrophoresis of polymerase chain reaction product sensitivity inspection. (A) Sensitivity inspection of herpes simplex virus 1. polymerase chain reaction product optimization of herpes simplex virus 1 reaction system; M: marker; line 1–4, Sensitivity inspection of herpes simplex virus 1 reaction system; line 5, negative control. (B) Sensitivity inspection of herpes simplex virus 2. M: marker; line 1–4, Sensitivity inspection of herpes simplex virus 1 reaction system; line 5, negative control.
CONCLUSION
The current study on HSV detection was based on the HSV typing PCR reaction system and optimization of reaction procedures. Since the line between HSV-1 and HSV-2 infection has become increasingly blurred, it was necessary to establish a PCR reaction system suitable for HSV typing detection. The system is influenced by multiple aspects, including interactions of DNA concentration, primers concentration, and 2 × Taq PCR Master Mix content. This experiment is slightly different from the establishment and optimization of traditional PCR reaction system (Yang et al., 2020). The traditional PCR reaction system is a single-factor investigation method to determine the content of various components in the system. Although the herein results are intuitive, it ignores the integrity of the system (the mutual influence and internal connection between each component). The experiment adopts the orthogonal optimization method, which makes up for the deficiency of single-factor investigation, takes into account the intrinsic correlation of components, shortens the time to optimize the experimental method and saves energy. The establishment and optimization of traditional PCR reaction system usually examines the influence of five factors on the system, including (DNA template, primer, Tap DNA primer, polymerase, Mg2+, dNTP), this experiment adopted 2 × Taq PCR Master Mix, to transform the original complex 5 factors into 3 factors, simplifying the establishment and optimization of the reaction system and facilitating subsequent experiments. This HSV typing detection system with high availability of HSV with high stability was verified by suitable target genes and designed primers.
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Digital PCR is the most advanced PCR technology. However, due to the high price of the digital PCR analysis instrument, this powerful nucleic acid detection technology is still difficult to be popularized in the general biochemistry laboratory. Moreover, one of the biggest disadvantages of commercial digital PCR systems is the poor versatility of reagents: each instrument can only be used for a few customized kits. Herein, we built a low-cost digital PCR system. The system only relies on low-cost traditional flat-panel PCR equipment to provide temperature conditions for commercial dPCR chips, and the self-made fluorescence detection system is designed and optically optimized to meet a wide range of reagent requirements. More importantly, our system not only has a low cost (<8000 US dollars) but also has a much higher universality for nucleic acid detection reagents than the traditional commercial digital PCR system. In this study, several samples were tested. The genes used in the experiment were plasmids containing UPE-1a fragment, TP53 reference DNA, hepatitis B virus DNA, leukemia sample, SARS-COV-2 DNA, and SARS-COV-2 RNA. Under the condition that DNA can be amplified normally, the function of the dPCR system can be realized with simpler and low-price equipment. Some DNA cannot be detected by using the commercial dPCR system because of the special formula when it is configured as the reaction solution, but these DNA fluorescence signals can be clearly detected by our system, and the concentration can be calculated. Our system is more applicable than the commercial dPCR system to form a new dPCR system that is smaller and more widely applicable than commercially available machinery.
Keywords: SARS-CoV-2 virus, digital PCR, dPCR chip, fluorescence detection, absolute quantification
INTRODUCTION
Polymerase chain reaction (PCR), a method for enzymatic synthesis of specific DNA in vitro, has been proposed for 20 years. PCR reaction procedure consists of denaturation, annealing, and extension for one cycle. After several cycles, the target DNA can be massively amplified in a short time. To date, PCR has developed into the conventional key technology in the field of molecular biology, greatly promoting the development of various fields of life sciences. Especially in the late 1990s, the quantitative real-time PCR (qPCR) technology (Ginzinger, 2002; Arya et al., 2005; Ma et al., 2013) and related products from in vitro synthesis of quantitative and qualitative/detection techniques developed into a highly sensitive, specific, and accurate quantitative analysis technology.
Considering the rapid development over the past decades, the qPCR technology has been used for the diagnosis of many diseases (Coulson et al., 2008; Taniguchi et al., 2009; van Eijk et al., 2011; Song et al., 2012; Moreira et al., 2013). However, there are many factors that affect the amplification efficiency during PCR amplification. There is no guarantee that the amplification efficiency will remain constant during the reaction. In other words, the amplification efficiency may be different between the work samples and the standard samples. This results in the fact that the cyclic threshold (CT) on which quantitative analysis depends is not constant. Therefore, the quantification of the qPCR is only “relative quantification,” and its accuracy and reproducibility still cannot meet the requirements of quantitative analysis of molecular biology.
At the end of the 20th century, Vogelstein et al. proposed the concept of digital PCR (dPCR) by dividing a sample into tens to tens of thousands of different reaction units, where each unit contained one or more copies of the target molecule (DNA template) (Sanders et al., 2011; Whale et al., 2012; Hudecova, 2015; Schuler et al., 2016; Sreejith et al., 2018). The target molecule is subjected to PCR amplification in each reaction unit, and the fluorescence signal of each reaction unit is statistically analyzed after the amplification. Unlike qPCR, digital PCR does not depend on CT values, so it is not affected by the amplification efficiency. At the end of the amplification, the average concentration (content) of each reaction unit can be calculated by direct counting or employing the Poisson distribution formula. Under the control of less than 5%, digital PCR can realize absolute quantitative analysis without standard samples and curves. Droplet dPCR (Pinheiro et al., 2011; Tian et al., 2015; Gou et al., 2018; Song et al., 2018) is actually a miniaturized traditional PCR amplification. In this technique, the reaction solution is uniformly introduced into the reaction chamber or through hole, and each chamber or through hole is scanned using microfluidic chip technology and fluorescence signal. The method is similar to the detection method of the gene chip to calculate the content of the target sequence. However, the droplet dPCR technology is widely used due to its maturity.
During the past 10 years, different companies have explored different technologies and methods to realize digital PCR automation. At present, the available digital platforms are mainly different in the number of liquid separations, droplet generation methods, and special equipment required. BioMarkTMHD system provides a matrix dedicated to digital integrated fluid circuits (IFCs), which can distribute samples in multiple separate reaction chambers. QuantStudio 3D system uses a silicon chip composed of a single reaction hole arranged in a certain order, which can distribute samples according to its matrix. CONSTELLATION® digital PCR system uses a microporous plate using sealed compression axis; the micropipette separates the sample liquid channel into a separate microfluidic chamber. Other digital PCR platforms such as QX200TMDropletDigitalTMPCR and RainDropplus™ digital PCR systems use oil-in-water emulsification to partition. The water phase is composed of primers, probes, or fluorescent dyes and mixed into super premixes; the samples and mineral oil are put into specially designed scaffolds, the droplet generator uses microfluidics to generate pressure, and the water phase and oil phase are sucked into the output channel. In this process, droplets are formed, and each droplet is read in a specific droplet reader one by one. The Naica system from Stilla Technologie™ company combines the array and emulsification methods. In this system, the sample passes through the channel of the chip and forms droplets inside the chip, which becomes an ideal digital PCR technology platform.
At present, dPCR technology, also regarded as liquid biopsy, is mainly used for detecting trace DNA. Its clinical applications include tumor fluid biopsy, (Sacher et al., 2016; Conteduca et al., 2017; van Ginkel et al., 2017; Wang et al., 2018), noninvasive prenatal screening (Tan et al., 2019), early diagnosis of infectious diseases, (Cao et al., 2019), transplant rejection monitoring (Beck et al., 2013) and other fields. The detection object of tumor liquid biopsy is the circulating tumor DNA (ctDNA) in blood or other body fluids, which not only realizes non-invasive diagnosis and detection but also can monitor the course of the disease and guide the treatment. dPCR is a powerful tool to detect low abundance mutations. At present, ctDNA detection technology based on dPCR has achieved encouraging results in the research of nonsmall cell lung cancer, (Sacher et al., 2016), prostate cancer, (Conteduca et al., 2017), head and neck squamous cell carcinoma, and other tumors (HNSCC) (van Ginkel et al., 2017).
In this study, we realized the function of the dPCR system by using the simple traditional plane PCR instrument and detection system, which made the whole system simpler, smaller, and cheaper. Moreover, the detection range of commercial dPCR is limited due to the need for specific reagent formulation. But the system is more user-friendly and accurate.
MATERIALS AND METHOD
Reagents
In this study, several samples were tested. The genes used in the experiment were plasmids containing SARS-COV-2 DNA fragment (N gene) provided by Sangon Biotech (Shanghai) Co., Ltd. (abbreviated as SARS-COV-2 DNA in the following description), plasmids containing UPE-1a fragment (abbreviated as UPE DNA in the following description), RNA sample of SARS-COV-2 (abbreviated as SARS-COV-2 RNA in subsequent narratives) provided by Wuhan Institute of Virology, Chinese Academy Of Sciences, TP53 reference DNA (abbreviated as TP53 DNA in the following description) provided by RainSure biology company, hepatitis B virus DNA (abbreviated as HBV DNA in the following description) provided by Northeast Pharmaceutical Company, and the genetic sample of a leukemia patient provided by First Bethune Hospital of Jilin University (abbreviated as leukemia sample in the following description). 2x ddPCR Supermix for probes (NO dUTP) was produced from Bio Rad. Before the experiment, the sample was configured as a mixture of reaction solution according to the formula in the instruction manual. Some of the mixture was coated in the dPCR chip as the experimental group. After all the preparations, the dPCR chips with DNA samples distributed were placed in the conventional planar PCR (BIOER Gene Touch TC-EA) for amplification (Figure 1). A part of the reaction solution was tested by the commercial dPCR system (RainSure), and the results were used as the standard to measure the success of the experiment.
[image: Figure 1]FIGURE 1 | Flow chart of dPCR system.
Digital Polymerase chain reaction chip
Droplet dPCR does not depend on the cyclic threshold to determine the number of targets. Therefore, the difference in PCR efficiency between biological samples will not affect the quantitative results.
Although the principle of dPCR technology is not complicated, it is difficult to break through in the early stage of sample distribution in the first step, and the quantity and uniformity of distribution are very low, which greatly limits the development of dPCR. Until the last few years, with the emergence of water-in-oil emulsified droplets, integrated fluidic circuit (IFC), nanofabrication, and other technologies, dPCR technology has finally broken through the technical bottleneck and successfully commercialized. Among them, the droplet dPCR technology is represented by Life Technology’s QuantStudio 3D system. Using high-density nanoliter fluidic chip technology, a standard PCR reaction is evenly distributed to up to 20,000 individual reaction holes in the chip. Each reaction well contains or does not contain one or more copies of the target molecule (DNA template) so as to realize “single molecule template PCR amplification.” The fluorescence signal of each reaction chamber is scanned by a method similarly to a gene chip to calculate the content of the target sequence. Currently, each chip is integrated with 10,000–40,000 (BioMark HD) reaction chambers or 20,000 (QuantStudio 3D) reaction well. However, the high price of PCR machines has deterred many organizations that need them from buying them.
In this study, only the chip of QuantStudio 3D system was selected as the reflecting container, and the denaturation, renaturation, and elongation temperatures required for polymerase chain reaction were provided in other cheaper devices.
Twenty thousand reaction wells of QuantStudio® 3D Digital PCR 20K chip are fabricated on a 10 square millimeter silicon wafer to make dPCR chips. Each well is a regular hexagon with a diagonal length of 60 µm. Each reaction well is isolated from its neighbors. Fixed reaction volume minimizes upfront sample manipulation.
Image acquisition and processing
In our former fluorescence detection system, the high-power blue LED with a power of 3 W was used as the fluorescence excitation light source, and a narrow-band filter with a central wavelength of 480 nm was installed in front of the excitation light source to ensure that it could excite the fluorescence, but it would not generate redundant noise. A 20-megapixel CMOS (complementary metal oxide semiconductor) was selected as the fluorescence receiving device. An optical lens and a narrow-band filter with a central wavelength of 520 nm were installed in the front-end of the CMOS to receive the fluorescence signal, and the real-time image was displayed on the PC connected with it. But in the experiment, we found that LED cannot provide enough light energy for the microdroplets in the chip, which led to the fact that the fluorescence signal could not be detected by CMOS in the initial experiment. In order to solve the abovementioned problems, we chose higher energy and more concentrated laser (Anford T850AD1670GD-P488 60 mW) as the light source for excitation fluorescence. The advantages of laser, such as small volume, light weight, good monochromaticity, high energy concentration, and reliability, were just suitable for our requirements of excitation light source. The lens was used to irradiate the dPCR chip as evenly as possible. Therefore, two small lasers with a central wavelength of 488 nm were selected as excitation sources and placed symmetrically on both sides of the chip. CMOS was placed in the center of two small lasers, which was convenient to collect the fluorescence information in the chip. Of course, for weak fluorescence detection, the appropriate optical barrel is indispensable. The optical tube received the fluorescence as much as possible and projected it on the sensitive element of the receiver. At the same time, it was important for enlarging the chip to be observed to an appropriate size.
Concentration calculation
Digital PCR technology is an absolute quantitative technology of nucleic acid molecules. The principle is to distribute the PCR reaction system to a large number of micro reactors. Each micro reactor contains or does not contain one or more copies of the target nucleic acid molecules (DNA templates) for “single molecule template” PCR amplification. At the end of amplification, the number of positive reaction units (judged by terminal fluorescence signal) and the number of copies of target genes in the original samples were calculated by statistical method. The workflow mainly includes four steps (as shown in the figure below): PCR/RT-PCR reaction premixing sample DNA/RNA, reaction premixing liquid dispersion or division, PCR amplification, fluorescence signal acquisition, and data analysis. Digital PCR disperses the sample DNA into 25,000–30,000 microdrops so that each microdrop does not contain or contains one or more copies of the target molecule (DNA template). All microdrops are randomly spread in the sapphire chip in the form of a 2D array. After amplification, the number of template copies in the original sample was calculated by counting the number of positive reaction holes. Because the target DNA molecules are randomly distributed in the positive reaction units and directly count and count the positive reaction units, it is not the true copy number of the target DNA molecules. Each reaction unit may contain two or more target molecules. We used Poisson probability distribution Eq. 1 to calculate.
[image: image]
In the above Eq. 1, λ is the average number of copies of starting DNA molecules contained in each reaction unit, and p is the probability of each reaction unit containing k copy target molecules under certain λ conditions. λ is determined by the dilution coefficient m (or the number of zones) of the sample solution, i.e., λ = cm, where c is the original copy number of the sample. When k = 0, i.e., without the target DNA molecule, p is the ratio between the number of reaction units without fluorescent signal and the total number of reaction units, i.e., the ratio of negative reaction units. Eq. 1 can be simplified as Eq. 2:
[image: image]
Through the end-point method, the total number of reaction units n and the number of positive reaction units f with fluorescence signal can be reached, so the proportion of negative reaction units is Eq. 3:
[image: image]
Taking the logarithm with e as the base on both sides of the abovestated formula, the following equation is obtained:
[image: image]
When using the method of digital PCR to carry out the absolute quantitative analysis of nucleic acid, only through the proportion of negative reaction units and the dilution coefficient (or partition number) of samples, the average number of nucleic acid copies of reaction units can be determined, thus realizing the accurate quantitative analysis of DNA.
RESULTS AND DISCUSSION
In order to prove the applicability of the proposed dPCR device, we designed multiple sets of control experiments to analyze the gene fragments by using dPCR. First, we prepared UPE-1a plasmid DNA from Wuhan Virus Research Institute and a TP53 reference DNA sample from Swiss Biosciences at a concentration. The dPCR reaction mixture was prepared for each panel. The 20 µl of reaction mixture containing UPE-1a DNA included the following: 10 µl of 2x ddPCR SuperMix (No dUTP), 1 µl of Mntant FAM probe, 2 µl of reference STD DNA, and 7 µl of sterile double distilled water. The reaction mixture containing TP53 reference DNA included the following: 10 µl of 2x ddPCR SuperMix for probes (NO dUTP), 0.75 µl of upEF, 0.75 µl of upER, 0.5 µl of upEP (FAM), 1 µl of template solution, and 7 µl of sterile double distilled water. The 20 µl of reaction mixture containing the leukemia sample included the following: 10 µl of 2x ddPCR SuperMix (No dUTP), 2 µl of a mixture of primer and probe, 1 µl of leukemia sample, and 7 µl of sterile double distilled water. The 20 µl of reaction mixture containing SARS-COV-2 DNA included the following: 10 µl of 2x ddPCR SuperMix (No dUTP), 1 µl of a mixture of primer and probe, 1 µl of SARS-COV-2 DNA, and 8 µl of sterile double distilled water. The 50 µl of reaction mixture containing SARS-COV-2 RNA included the following: 10 µl of 5x One-step RT-PCR buffer, 5 µl of Solution Ι (10x), 2 µl of Abstart Taq (with dNTP), 2.5 µl of a mixture of primer and probe, 20 µl of SARS-COV-2 RNA, and 10.5 µl of sterile double distilled water. In the experiment, 15 µl of the mixture was placed on a special blade, the mixture was evenly applied to the chip, and finally, the sealing oil was injected (immersion fluid) to prevent evaporation of the mixture during heating.
The thermal-cycling scheme of UPE DNA, TP53 reference DNA, leukemia sample, and SARS-COV-2 DNA starts from the pre-denaturation of 95°C for 10 min, the denaturation temperature is 94°C, lasting for 30 s, and the renaturation and extension temperature is 55°C, maintaining for 60 sb with 40 cycles. SARS-COV-2 RNA added a reverse transcription process at 55°C for 30 min. HBV DNA is replicated by two steps: 94°C of denaturation temperature lasts for 10 s, 60°C of renaturation and extension temperature lasts for 30 s. The experiment lasts 40 cycles. In order to make the PCR reaction more stable, the temperature change rate the of in-situ PCR instrument was set to 0.5°C/s. During the experiment, we found that although the excitation light source was replaced by a small laser, the cover of the dPCR chip would still block part of the light energy irradiated on the droplet. Therefore, we increased the number of lasers to two and placed the lasers symmetrically on both sides to avoid weak light energy and uneven distribution caused by irradiation on one side while not interfering with image acquisition.
The prepared reaction liquid mixture (FAM channel) was evenly coated on the dPCR chip, the sealing cover was covered, and the sealing oil was injected. Then, the chip was placed in the PCR machine, and the thermal cycle was set as described earlier. The heat cover temperature was set to 80°C. After thermal cycling, the dPCR chip was placed in the fluorescence observation system to observe the fluorescence.
The initial concentration of TP53 DNA was 104 copies/µl. In the experiment, the mixture was divided into two parts. One of them was detected by RainSure dPCR as the control group. The other was coated on the dPCR chip as the experimental group and placed in the plane PCR instrument for amplification. If the results of the two methods are similar, it will be proved that our method can replace the expensive dPCR equipment very well. Figure 2A shows that the fluorescence could be easily identified after amplification. In the FAM channel, the DNA concentration was 232.0640 copies/µl (Figure 2B). Details of the droplet are given in Figure 2C.
[image: Figure 2]FIGURE 2 | (A) Scatter plot by RainSure dPCR; (B) Initial DNA concentration calculated by RainSure dPCR; (C) Microdroplet data derived by RainSure dPCR.
Another part of the reaction solution was amplified in the dPCR chip. The fluorescent image captured by the detection device is shown in Figure 3A. The brightness of the image was still uneven, and there was a difference between the center brightness and the edge brightness, which made it difficult to count the microdroplets. We used MATLAB to write the image processing program, which was used to distinguish the original image’s positive droplets from the negative droplets (Figures 3B and C). The number of positive droplets was 2,238, and the number of all droplets was 13,412. This proves that our method is available.
[image: Figure 3]FIGURE 3 | (A) Original fluorescence image of TP53 DNA; (B) Image processed by software and the number of positive droplets; (C) Statistics of all droplets with TP53 DNA.
The detection of a kind of DNA only showed that our method can quantify DNA by dPCR chip, without using a specific dPCR system. We also wanted to prove that such a combination could be used to detect reagents that could not be detected by commercial dPCR systems, breaking the detection limitations.
The mixture of reaction solution containing HBV DNA could not be added to the reagents used in commercial dPCR, resulting in the concentration of HBV DNA not being detected by commercial dPCR. Therefore, we used the concentration ratio of the reaction liquid mixture itself to verify the results. In the experiment, DNA with an initial concentration of 1:10 was selected to prepare the mixture of the reaction solution. The experimental data are shown in Figure 4. From the original image (Figures 4A and D), the proportion of the number of positive droplets corresponding to the two initial concentrations of DNA was close to 1:10 by eyes. After analyzing the image, the accurate number of positive droplets and the total number of droplets were obtained. The number of positive droplets containing HBV DNA with an initial concentration of 104 IU/ml is 302 (Figure 4B), and the number of all droplets containing HBV DNA with an initial concentration of 104 IU/ml is 14,197 (Figure 4C). The concentration of DNA in the mixture of the reaction solution was 21.9404 copies/µl by using the quantitative formula of dPCR. the number of positive droplets containing HBV DNA with an initial concentration of 105 IU/ml is 2,775 (Figure 4E), and the number of all droplets containing HBV DNA with an initial concentration of 105 IU/ml is 15,958 (Figure 4F). The concentration of DNA in the mixture was 194.9308 copies/µl. The results showed that the ratio of DNA concentration calculated was close to 1:10, and the initial DNA concentration was 1:10. In consideration of the errors caused by the imprecise volume of each component in the configuration process of the reaction liquid mixture, as well as the errors produced in the sample loading process of the mixture, the test results are accurate.
[image: Figure 4]FIGURE 4 | (A) Original image of HBV DNA with an initial concentration of 104 IU/ml; (B) Image processed by software and the number of positive droplets with low-concentration DNA; (C) Statistics of all droplets containing HBV DNA with an initial concentration of 104 IU/ml; (D) Original image of HBV DNA with a concentration of 105 IU/ml; (E) Image processed by software and the number of positive droplets with high-concentration DNA; (F) Statistics of all droplets containing HBV DNA with an initial concentration of 105 IU/ml.
UPE DNA was provided without explicitly indicating the initial DNA concentration. Here, it is expressed as high and low concentrations, and low concentration DNA was obtained by diluting the high concentration DNA 10-fold. Therefore, the relationship between the initial calculated DNA concentration of about 10 times proves the success of the experiment. Figures 5A and D are initial fluorescence images of UPE DNA. After processing and analyzing the image, we found that the number of positive droplets containing UPE DNA with low concentration (Figure 5B) was 362, and the number of all droplets containing UPE DNA with low concentration (Figure 5C) was 8,594. The concentration of DNA was 43.9136 copies/µl. Figures 5E and F show that the number of positive droplets containing UPE DNA with high concentration was 1,518, and the number of all droplets containing UPE DNA with high concentration was 6,279. After calculation, the concentration of DNA was 282.4010 copies/µl. The concentration of the two reaction mixtures was approximately 1:7, so for UPE DNA, our system could detect the presence of DNA, but the accuracy of the concentration calculation was not high enough.
[image: Figure 5]FIGURE 5 | (A) Original image of UPE DNA with low concentration; (B) Image processed by software and the number of positive droplets with low-concentration DNA; (C) Statistics of all droplets containing UPE DNA with low concentration; (D) Original image of UPE DNA with high concentration; (E) Image processed by software and the number of positive droplets with high-concentration DNA; (F) Statistics of all droplets containing UPE DNA with high concentration.
To compare the universality of reagents between our system and commercial instruments, we compared the results of QuantStudio 3D digital PCR system and RainSure digital PCR system. The results showed that RainSure digital PCR system could detect TP53 DNA matched with it (picture 2), but it could not get the detection results of HBV DNA. In addition, for QuantStudio 3D digital PCR system, 20 µl of reaction solution containing HBV DNA and UPE DNA, respectively, in the abovementioned experiments was reserved, respectively. The reaction solution was coated in the dPCR chip according to the operating instructions. The chip was placed in the corresponding dPCR system for reaction and detection. Figure 6 shows that no amplification signal of dPCR chip was detected. Among them, Figures 6A and B are the detection results of the dPCR chip containing HBV DNA. Figures 6C and D are the detection results of the dPCR chip containing UPE DNA. The droplets in the detection results were all negative; the reaction solution did not contain the target DNA. Then, the chips were taken out from the detection device and placed in our detection system to observe the fluorescence. In the results, we observed not only the negative drops but also the positive ones. These images were added to Figures 6A and C, and the DNA in the results corresponds to Figures 6A and C, respectively.
[image: Figure 6]FIGURE 6 | (A) Fluorescence intensity distribution of HBV DNA; (B) Fluorescence intensity distribution of HBV DNA; (C) Fluorescence intensity distribution of UPE DNA; (D) Fluorescence intensity distribution of UPE DNA.
The reaction mixtures containing the leukemia sample were divided into two portions. One served as the control group detected by the RainSure dPCR system, while the other was spread on the dPCR chip as an experimental group and placed in a planar PCR instrument for amplification. The scatter plot given by the commercial instrument showed that the demarcation line of the fluorescence brightness of the negative droplet from the positive droplet was obvious (Figure 7A), and the sample concentration was 46.36 copies/µl (Figure 7B), of which, the number of positive droplets was 560, and the total number of droplets was 16,117 (Figure 7C). Figure 7D illustrates the test results given by our system: the number of positive droplets is 337, and the total number of droplets is 9,975. The measured sample concentration was calculated to be 42.96 copies/µl.
[image: Figure 7]FIGURE 7 | (A) Scatter plot by RainSure dPCR; (B) Initial DNA concentration calculated by RainSure dPCR; (C) Microdroplet data derived by RainSure dPCR; (D) Test results obtained with our system.
In early 2020, COVID-19 swept the world. Therefore, we performed the test for the detection ability of the SARS-COV-2 sample. Similar to HBV DNA, the mixture of reaction solutions that we used containing the SARS-COV-2 sample was also not detectable by the RainSure dPCR system. Therefore, the validation method is the same as that for HBV DNA. Samples with an initial concentration difference of 10 times were selected for detection.
The plasmid containing SARS-COV-2 DNA was tested first. In the experiment, SARS-COV-2 DNA at an initial concentration of 1:10 was selected to prepare the reaction solution mixture. They are spread on dPCR chips and placed in a planar PCR instrument for amplification. As shown in Figure 8, the number of positive droplets of the reaction solution mixture with an initial concentration of 103 copies/µl was 335 (Figure 8B), the total number of droplets was 7,976 (Figure 8C), and the sample concentration was 53.64 copies/µl. The number of positive droplets of the reaction solution mixture with the initial concentration of 104 copies/µl was 3,174 (Figure 8E), the total amount of droplets was 16,640 (Figure 8F), and the sample concentration was 264.55 copies/µl. The two concentrations differed numerically by an order of magnitude, so the detection was successful.
[image: Figure 8]FIGURE 8 | (A) Original image of SARS-COV-2 DNA with a concentration of 103 copies/µl; (B) Image processed by software and the number of positive droplets with a concentration of 103 copies/µl; (C) Statistics of all droplets containing SARS-COV-2 with a concentration of 103 copies/µl; (D) Original image of SARS-COV-2 DNA with a concentration of 104 copies/µl; (E) Image processed by software and the number of positive droplets with a concentration of 104 copies/µl; (F) Statistics of all droplets containing SARS-COV-2 DNA with a concentration of 104 copies/µl.
We also obtained samples containing SARS-COV-2 RNA from the Wuhan Institute of Virology and prepared a reaction mixture with an initial concentration ratio of 1:10. They were spread on dPCR chips and placed in a planar PCR instrument for amplification. As shown in Figure 9, the number of positive droplets of the reaction solution mixture added with the sample diluted 1000-fold was 40 (Figure 9B), the total number of droplets was 4,730 (Figure 9C), and the sample concentration was 10.62 copies/µl. The number of positive droplets of the reaction mixture of samples diluted 100-fold was 572 (Figure 9E), the total number of droplets was 11,622 (Figure 9F), and the sample concentration was 63.09 copies/µl. The two concentrations differ by an order of magnitude numerically, so our system can quantitatively detect SARS-COV-2.
[image: Figure 9]FIGURE 9 | (A) Original image of SARS-COV-2 RNA with a concentration of diluted 1,000 times; (B) Image processed by software and the number of positive droplets with a concentration of diluted 1,000 times; (C) Statistics of all droplets containing SARS-COV-2 RNA with a concentration of diluted 1,000 times; (D) Original image of SARS-COV-2 RNA with a concentration of diluted 100 times; (E) Image processed by software and the number of positive droplets with a concentration of diluted 100 times; (F) Statistics of all droplets containing SARS-COV-2 RNA with a concentration of diluted 100 times.
CONCLUSION
In this study, the commercial dedicated dPCR chip is combined with the cheaper traditional planar PCR instrument and the fluorescence detection system built by the team to build a dPCR system with a lower price and wider application range. This makes the dPCR chip out of the dedicated system. Under the condition that DNA can be amplified normally, dPCR function can be realized with simpler equipment by using traditional planar PCR apparatus to provide thermal cycling conditions. The experiment proved that traditional planar PCR can provide suitable reaction conditions for dPCR chips. Under the detection system, the amplified microdroplets can be clearly distinguished, and the detection results are accurate, which is consistent with those of commercial PCR systems. During the experiment, we also found that, for commercial dPCR systems, some DNA cannot be detected due to the special formulation and reagents (such as HBV DNA, UPE DNA, and SARS-COV-2 sample) when they are configured as reaction solutions. But the fluorescence signal of such DNA can be clearly detected by our system, and the concentration can be calculated. In addition, we used TEC to build our own thermal cycling device, and the dPCR chips were used for testing. Experiments showed that the DNA in the chip can be amplified under this thermal cycling device, and the result was accurate. In general, our system used cheaper and simpler equipment to realize the functions of expensive and complex commercial dPCR systems. Moreover, our system has a wider detection range than commercial dPCR systems (RainSure dPCR system).
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New pathogen outbreaks have progressed rapidly and are highly infectious in recent years, increasing the urgency of rapid and accurate detection of pathogenic microorganisms. Based on the point-of-care testing (POCT) requirements, in this study, a real-time fluorescent loop-mediated isothermal amplification (LAMP) detection system was developed and applied to pathogen detection. The system is compact and portable, with good uniformity and reproducibility, and it can detect pathogens rapidly and effectively. For norovirus detection, the linear range was 100–106 copies/μL. The system can achieve the theoretical sensitivity of LAMP detection, conclusions could be obtained within 35 min, and quantitative detection was possible. The test results of 45 clinical samples were consistent with quantitative PCR (qPCR) and clinical results, and the accuracy could reach 100%. This system has the characteristics of portability, speed, and POCT accuracy, and the cost is much lower than that of commercial qPCR. Therefore, it is suitable for remote areas or places with relatively poor conditions and environments requiring on-site conditions. It can also be widely used to detect various epidemics and unexpected diseases.
Keywords: LAMP, POCT, norovirus, fluorescence detection, aerosol pollution
1 INTRODUCTION
In recent years, due to the continuous emergence of new pathogens such as Zika virus, Ebola virus, SARS, and COVID-19 etc. (Liao et al., 2017; Al-Saud et al., 2020), rapid and highly infectious outbreaks of new pathogens have made rapid and accurate identification of pathogenic microorganisms and diagnosis of infectious disease an urgent need (Chen et al., 2018; Demrba et al., 2021). The technology of diagnosing diseases has been developing continuously, from the earliest culture method to hematological analysis, specific protein detection, immunological antigen, and antibody detection, to pathogen mass spectrometry and nucleic acid analysis (Hussain et al., 2020) six; the methods are becoming increasingly accurate. Compared with traditional etiological diagnostic methods with higher detection values but a slower detection process, nucleic acid testing is currently the leading technology for pathogen diagnosis (Tang et al., 2020; Fang et al., 2021; Xu et al., 2021).
The application of the mainstream polymerase chain reaction (PCR) and its derivative technologies in various nucleic acid testing is unsuitable for on-site application due to high instrument requirements and complicated operations (He et al., 2017). Various high-efficiency, high-sensitivity, and specific isothermal amplification technologies can meet the needs of on-site detection, such as low equipment requirements and simple operation (Chen et al., 2017; Liu et al., 2019). Presently, the main isothermal amplification technologies are rolling circle amplification (RCA) (Gu et al., 2018; Zhao et al., 2020), loop-mediated isothermal amplification (LAMP) (Chen et al., 2018), strand displacement amplification (SDA), nucleic acid sequence-based amplification (NASBA), helix-dependent amplification (HAD), and recombinase polymerase amplification technology (RPA) (Knox and Beddoe, 2021; Wei et al., 2022). Although these technologies have their limitations, LAMP is currently the most widely used. LAMP technology enables simple and rapid nucleic acid amplification. Due to its extremely high amplification efficiency, several products and byproducts are generated in a short time, which is more convenient for detection. Common detection methods include gel electrophoresis, turbidity, colloidal gold test strip, metal ion indicator, and fluorescence detection methods. The principle of fluorescence detection is the same as that of real-time fluorescent PCR. Through fluorescent probes or dyes, the amplification speed of LAMP is more than that of PCR and LOD of LAMP method is theoretically comparable to the real-time fluorescent PCR method.
On the other hand, with the advancement of medical means and the continuous improvement of the degree of automation, society has paid more attention to the usage scenarios of point-of-care testing (POCT) in recent years (Chen et al., 2019; Liu et al., 2022). The core of this concept is that the tests that can only be performed in laboratories or hospitals can be transferred to people’s homes, being a part of their daily lives, without the need for professional personnel to operate, simplifying testing procedures, reducing testing cost and time, and at the same time, meeting the requirements of accuracy. However, this concept requires a high degree of integration and automation of medical instruments, as well as good portability. Compared with the cumbersome process of the traditional clinical laboratory and the inability to implement rapid on-site testing, POCT realizes the miniaturization of the instrument, the simplicity of operation, and the real-time testing on-site. The fluorescent LAMP detection method combined with the POCT detection instrument can realize the rapid, accurate, and efficient detection of pathogen nucleic acid in remote areas or places with relatively poor conditions. Many businesses are dedicated to the research of POCT systems, high accuracy, miniaturization, and portability are their consistent goals. For example, ABBOTT specializes in point-of-care solutions and its ID NOW™ isothermal nucleic acid amplification detector can simultaneously detect influenza A and B viruses within 15 min without the need for expensive laboratory equipment (Masciotra et al., 2013; van den Berk et al., 2003). Lucira’s Lucira COVID-19 all-in-one test kit utilizes RT-LAMP technology to detect the N gene RNA of SARS-CoV-2, generating a signal from several RNA copies in less than 30 min, generated by the process of amplification A change in pH, followed by a change in the color of the dye in the reaction mixture, enables accurate self-diagnosis at home (2021). The Cue™ COVID-19 Test Cartridge Pouch developed by Cue Health can produce test results in 20 min and transmit the results to the smart devices of users and doctors (2021). Research shows that the product has a sensitivity and specificity of up to 98%. Among these products, methods such as immunochromatography, LAMP and Real-time PCR are used to achieve rapid detection of individual samples, and the reagents and consumables can be discarded for one-time use. The above-mentioned platforms are very fast and convenient for POCT applications, but for some remote or under-condition areas or places, the cost of a single detection of these instruments increases due to the specificity of consumables or reagents; on the other hand, the small quantitative testing is often also required for POCT. Therefore, we hope to design a rapid detection system with low throughput and strong versatility.
In order to meet the needs of on-site nucleic acid detection of a small number of samples, we developed a portable fluorescent LAMP detection system that can rapidly and effectively detect pathogens. Herein, after introducing the system structure and evaluating and verifying its performance, we applied the system to actual sample detection. Compared with those of laboratory detection methods, the results show that the system’s accuracy, sensitivity, and stability can meet the needs of nucleic acid testing and enable early diagnosis of pathogens on the spot, providing an effective basis for disease prevention, control, and precise treatment.
2 SYSTEM STRUCTURE
Overall system dimensions: The portable fluorescent LAMP detection system has a length, width, and height of 240 × 180 × 150 mm, respectively, and a weight of 3.6 kg, with an internally integrated heat sink, heating module, fluorescent module, and display module (Figure 1A). There are two eight-row heat sink holes, which can detect 16 samples simultaneously. Unlike the commercial Roche and ABI fluorescence detection instruments, which read the fluorescence from the top, this system reads the fluorescence from the side. By opening a 3-mm small hole on the lower side of each heat sink hole, the fluorescence module collects and detects the fluorescence signal when it passes through each well by sliding, as shown in Figure 1B. At present, we have tested the fluorescent channel suitable for SYBR/FAM, which can be detected by their similar fluorescent probes or dyes. The collected fluorescence signal will have a maximum fluorescence value in each well, and this maximum value is selected as the fluorescence value of the well in this reaction time period, as shown in Figure 1C. The heating module is mainly made up of a heat sink and heat cover heating. The heat sink heating adopts a thermoelectric cooler, while the heat cover heating adopts a thin film heater. The display module integrates a human–computer interaction interface through which the user can set the experimental parameters, including reaction temperature, time, sample well information, etc., and display the fluorescence detection curve in real-time during the experiment.
[image: Figure 1]FIGURE 1 | (A) Overall schematic of the system; (B). Schematic of the heat trap and fluorescence modules; (C). Multi-channel fluorescence signal acquisition curve.
3 SYSTEM PERFORMANCE
The main factors that affect the experimental results are temperature, fluorescence signal acquisition, etc. Therefore, it is necessary to evaluate the performance of the entire system from hardware and experiments.
3.1 Temperature
Temperature, especially its uniformity, stability of the heat sink, and the heating speed, are important factors that affect the amplification effect of LAMP. To test the temperature of 16 sample wells, two eight-row 0.2 ml centrifuge tubes (Aixin Biotechnology (Hangzhou) Co., Ltd, Hangzhou, China) were placed in a heat trap, 50 μL of pure water was added to each centrifuge tube, and the heat sink temperature was set to 65°C. The temperature of the liquid in each centrifuge tube was then measured. Each hole was tested every 5 s for 10 consecutive times. We analyzed the average temperature, standard deviation (SD), coefficient of variation (CV) values, etc., of each hole. The test results are depicted in Figure 2. It shows that among the 16 holes, the minimum average temperature was 64.62°C, and the maximum was 64.8°C, the temperature fluctuation of 10 measurements per well was less than 0.3°C, the maximum temperature difference from the set temperature did not exceed 0.5°C, and the CV value was 0.07–0.15%. The setting temperature was 27–65°C, and it took 15 s to reach the set temperature for the first time, indicating that the heating rate can reach 2.53°C/s. The temperature test results revealed that the temperature uniformity of the 16 wells was good, the temperature control was stable, and the heating rate was fast, which did not affect the amplification.
[image: Figure 2]FIGURE 2 | 16-well temperature uniformity curve.
3.2 Evaluation and verification of RT-LAMP performance
To test the usability of the system, the sensitivity, detection limit, uniformity, and repeatability stability of the system were tested and evaluated and compared with commercial qPCR instruments Gentier 96E (Xi’an Tianlong Technology Co., Ltd, Xi’an, China), and the results were compared with qPCR detection. The LAMP and qPCR reagents were purchased from commercial kits (Shenzhen LemnisCare Medical Technology Co., LTD, Shenzhen, China). Table 1 describes the reagents and conditions for RT-LAMP and RT-qPCR detection.
TABLE 1 | RT-LAMP and RT-qPCR reaction conditions.
[image: Table 1]3.2.1 Uniformity
We diluted the norovirus GⅡ standard to 104 copies/μL for the LAMP experiment, prepared 16 reaction solutions according to the experimental components in Table 1, distributed them into two eight-row 0.2 ml centrifuge tubes, put the centrifuge tubes into the system, set up the system according to the reaction conditions in Table 1, and observed the real-time fluorescence amplification curve of 16 wells. Simultaneously, we ran the same test on Gentier 96E (Xi’an Tianlong Technology Co., Ltd, Xi’an, China). The uniformity of the system was assessed by the time to threshold (Tt) values of the amplification curves and the coincidence of the curves.
3.2.2 Sensitivity and detection limit
We diluted the norovirus standard with sterile water in a 10-fold gradient to six concentrations (105–100copies/μL), configured the reaction solution according to Table 1, set a negative control, configured two copies of each concentration, and put them into the test system. Then, we configured the reaction solution according to the qPCR system in Table 1, added the same standard substance, and performed qPCR detection using the Tianlong real-time fluorescence PCR instrument. The detection limit of the system and the difference from qPCR detection were determined by amplification curve and Tt and Ct values.
3.2.3 Stability
Three different concentrations of standards were selected for testing, wherein the high, medium, and low concentrations were 105copies/μL, 103copies/μL, and 101copies/μL, respectively. The reaction solution was configured according to the system in Table 1, a negative control was established, and three copies of each concentration were configured and introduced into the system for detection. The experiment was repeated thrice to detect the high, medium, and low concentrations. First, the stability was initially assessed by the amplification curve of the three experiments, and then the detection results of the three experiments were put together to compare the CV value of the average Tt. The Tt value refers to the calculation of the real-time fluorescent PCR Ct value, and the baseline was calculated according to the negative control fluorescence value of each experiment group.
3.2.4 RT-LAMP and RT-qPCR for the detection of clinical samples
We collected 45 cases of norovirus diarrhea samples from the Guangdong Provincial People’s Hospital, performed nucleic acid extraction for clinical samples, adopted the magnetic bead method using a nucleic acid extraction kit (Shenzhen LemnisCare Medical Technology Co., LTD, Shenzhen, China), and performed the RT-LAMP test on this system. We set the reaction system and reaction conditions as stated in Table 1. Simultaneously, we conducted RT-qPCR test to compare the test results.
4 RESULTS AND DISCUSSION
4.1 Homogeneity assessment
The 16-well LAMP real-time fluorescence amplification curve of this system and the amplification curve on a commercial qPCR instrument are shown in Figure 3. From the shape of the curve, the overlap of the two amplification curves is high. According to the Tt value, the average value of the reaction of 16 wells in this system was 12.56, the SD was 0.73, and the CV was 5.81%; the LAMP experimental results on a commercial qPCR instrument revealed an average Ct value of 9.83, an SD of 0.38, and a CV of 3.88%, as shown in Figure 3B. Compared with the commercial qPCR instrument, the CV was only 1.93% different, indicating that the overall uniformity of the system is good.
[image: Figure 3]FIGURE 3 | Six-well uniformity test results: (A) Our system. (B) Commercial qPCR instrument.
4.2 Sensitivity and detection linear range evaluation
The LAMP amplification curves of six concentration gradients are shown in Figure 4A. From the shape of the amplification curve, it could be observed that the amplification efficiency was stable and high, and the sensitivity could reach 100 copies/μL, i.e., copy numbers within 10 can be detected. The minimum detection limit detection time was <35 min. The logarithm of the plasmid concentration has an obvious linear relationship with the Tt value. As shown in Figure 4B, the R2 value is 0.9143, indicating that the system also has potential quantitative performance. The real-time PCR amplification curves of the same six concentration gradients are shown in Figure 4C, and the standard curve is shown in Figure 4D. It could be observed from the amplification curve that the detection line of real-time fluorescent PCR was 101 copies/μL, and the whole PCR process took about 90 min. From the perspective of the linearity of the standard curve, LAMP is worse than qPCR, which is primarily reflected in low concentration detection. Also, its amplification efficiency was not as good following high concentration detection, and the amplification was unstable, resulting in a decrease in the overall linearity, although it was basically a linear relationship. Quantitative detection was possible. In terms of detection time, LAMP was superior to the gold standard qPCR; In terms of sensitivity, theoretically qPCR assays can detect to <10 copies, which means that LOD (Limits of Detection) of LAMP and qPCR are comparable. This system uses the LAMP method for pathogen detection, which meets the actual needs in terms of accuracy and speed and is competitive in POCT.
[image: Figure 4]FIGURE 4 | Results of norovirus sensitivity. (A) LAMP amplification curves of six concentration gradients in the system; (B) Standard curve for LAMP assay; (C) qPCR amplification curves of six concentration gradients in the system; (D) Standard curve for qPCR assay.
4.3 Stability assessment
Stability is also a crucial performance indicator of detection methods and systems. The system uses high, medium, and low concentration standard samples that are repeated three times to ensure reproducibility. The amplification curves of the three assays are shown in Figures 5A,C. From the overall perspective of the curved shape, the high, medium, and low concentrations of the three experiments could be amplified normally, the curve shape similarity was high, and the reproducibility between batches was high concentration > medium concentration > low concentration. We calculated the SD and CV values of the Tt values for the three experiments at three concentrations. As shown in Figure 5D, the CVs of the high, medium, and low concentrations were 8.69, 3.02, and 9.05%, respectively. The performance was medium concentration > high concentration > low concentration. The above CV values were <10%, indicating that the overall amplification efficiency of the system was reproducible. Additionally, the detection results of the repeatable experiments on commercial PCR instruments were consistent with those in this system, so the stability of this system for point-of-care diagnosis of norovirus meets the requirements and could be applied to real-time qualitative monitoring of the virus, with high specificity, sensitivity, and rapidity.
[image: Figure 5]FIGURE 5 | Results of the three LAMP experiments with high, medium, and low concentrations. (A–C) show the three LAMP amplification curves, respectively; (D). Stability of the three LAMP experiments.
4.4 Rt-LAMP and RT-qPCR for the detection of clinical samples
The results of temperature, uniformity, sensitivity, and reproducibility show that the system can be used for pathogen detection in a stable, fast, convenient, and portable manner. We further verified the performance of the system to test actual samples. We tested 45 clinical norovirus diarrhea samples, including 12 positive and 33 negative samples. We selected three negative and 12 positive samples for testing in this system, and the results are shown in Figure 6. Figure 6A represents the RT-LAMP amplification curve, and Figure 6B is the RT-qPCR amplification curve. The Ct value of RT-qPCR curve and the Tt value of the RT-LAMP curve were in the same order, indicating that the RT-LAMP and RT-qPCR detection results of this batch of clinical samples on the system are consistent. From the comparison between the Tt value and the time to reach the plateau phase, it was revealed that LAMP could reach the plateau phase within 5 min after the Tt value starts, while qPCR could reach the plateau phase after at least 15 cycles. Therefore, LAMP has an absolute advantage in the overall response time, making this system ideal for rapid on-site pathogen detection.
[image: Figure 6]FIGURE 6 | Results of clinical samples by RT-LAMP and RT-qPCR. (A) RT-LAMP on our system; (B) RT-qPCR on the commercial instrument.
We discovered that the uniformity and stability of this system were not significantly different from those of commercial equipment after summarizing the above performance test and evaluation results. The linear range detected by this system was 100–106 copies/μL, and the sensitivity of the system can be similar to that of commercial PCR instruments. Furthermore, the detection of 45 clinical samples was consistent with the qPCR and clinical results, and the accuracy could reach 100%. Another outstanding performance of this system is that it could significantly reduce the detection time and improve the amplification efficiency when detecting pathogens. For raw data on performance testing, please check Supplementary Tables S1, S2 and Supplementary Figures S1–S4 in the Supplementary Materials.
5 CONCLUSION
Summarily, in this study, we successfully developed a real-time fluorescent RT-LAMP detection system and applied it to pathogen detection. The whole system is compact and portable, and it can rapidly and effectively detect pathogens. For the norovirus detection, the entire process could be completed within 45 min, and the system can achieve the theoretical sensitivity of LAMP detection, test results could be determined within 35 min, and quantitative testing was possible. The overall uniformity and reproducibility of the system were good, and the detection results of clinical samples were consistent with the RT-qPCR and clinical results. Moreover, the cost is much lower than that of commercial qPCR, and it uses conventional reagent consumables and has 16 sample detection holes, making it very suitable for areas where medical conditions are relatively scarce or need on-site environments. It can also be used to detect various epidemiological and unexpected diseases such as novel coronavirus, monkeypox virus, African swine fever, etc. Thus, these show that this system has the characteristics of portability, speed, and accuracy of a POCT.
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Tumor-derived exosomes are considered as a key biomarker in the field of liquid biopsy. However, conventional separation techniques such as ultracentrifugation, co-precipitation and column chromatography cannot isolate samples with high throughput, while traditional immunomagnetic separation techniques, due to steric effect of magnetic beads, reducing sensitivity of exosomes optical detection. Herein, we provide a novel and simple nanoplatform for spatiotemporally controlling extraction and elution of exosomes via magnetic separation and light-activated cargo release. In this system, magnetic beads are co-modified by photoresponsive groups -nitrobenzyl group and aptamers that are compatible with CD63-a highly expressed exosomal surface-specific protein. Through exosomes extracted from cell model and nude mice xenograft tumor model morphological characterization and proteomic analysis, results showed that our novel magnetic bead system outperformed current ultracentrifugation in serum exosome extraction in terms of extraction time, yield, and proportion of populations with high CD63 expression. This strategy may be a powerful tool for exosome isolation in clinical liquid biopsies of cancer disease.
Keywords: exosome, cancer, magnetic separation, light-activated release, liquid biopsy
INTRODUCTION
Liquid biopsy is an emerging adjunctive detection method, which uses biological information carried by body fluid components such as blood, urine, sweat, et al. (Willms et al., 2018; Wang C et al., 2020; Descamps et al., 2022; Markou et al., 2022). Exosomes, a type of small extracellular vesicles with a size of 30–150 nm, are well-documented to participate in tumor development, e.g., stimulating the growth of tumor cells, suppressing anti-tumor immunity, promoting tumor cell migration and metastasis, et al. (Liu et al., 2018; Hofmann et al., 2020; Liao and Li, 2020; Chen et al., 2022; He et al., 2022). They are appealing to liquid biopsy due to following advantages: 1) possessing diverse tumor biological information, such as RNAs, DNAs, and proteins; 2) secreted by and indicating the activity of living tumor cells; 3) easy to preserve and identify via their surface markers (Gurunathan et al., 2019; Sung et al., 2020; Yu et al., 2021). In fact, in some tumors, such as prostate and breast cancer, exosome-based liquid biopsies have shown significant prognostic value (Ibsen et al., 2017; Guo et al., 2020; Shen et al., 2020; Puhka et al., 2022).
Currently, exosomes are mainly isolated through ultracentrifugation (UC) (Momen-Heravi et al., 2013; Wang S et al., 2020; Xie et al., 2020; Yang et al., 2020). UC is normally time- and labor-consuming, and depends on availability of instrument. Some emerging exosome isolation methods, such as size separation-based chromatography column, microfluidic, immunosorbent-based kit etc. (Momen-Heravi et al., 2013; Gurunathan et al., 2019; Shen et al., 2020). These methods are cumbersome in extraction procedures and are not suitable for simple high-throughput detection (Lu et al., 2022; Zhao et al., 2022; Zhu et al., 2022). To solve the issues of centrifugal method, some new separation methods have been developed, such as magnetic bead system based on immunological binding and magnetic separation. Notably, in order to elute the captured exosomes from magnetic beads, non-physiological conditions of extreme ion concentrations are commonly involved, which may cause irreversible damage to exosomes during isolation and subsequently result in false information (Gao et al., 2019; Choi et al., 2022). Moreover, exosome detection methods based on magnetic separation have obvious steric hindrance due to large particle sizes of magnetic beads and exosomes. Detection technologies using fluorescence or chemiluminescence will weaken fluorescence signals due to masking or quenching effect of magnetic beads (Yang et al., 2015). Therefore, the development of a new magnetic bead system for efficient and gentle separation of exosomes has become an urgent need in the field of liquid biopsy.
Light is noninvasive, spatiotemporally controllable, and biocompatible, which is widely used as a trigger in clinical imaging diagnosis and treatment. This inspired us to exploit light-activated degradation to elude exosomes, which would allow spatial, temporal, and rate control by manipulating the location, timing, and intensity of applied light. Herein, we developed a novel strategy using magnetic bead-based capture and light-activated elution for spatiotemporally controllable exosome isolation from serum. As shown in Figure 1, we anchored CD63 aptamer on the surface of magnetic beads via light-sensitive nitrobenzene group, which was cleaved by ultraviolet (UV) light at around 365 nm (Chang et al., 2009; Kobayashi et al., 2012; Lai et al., 2016; Wang et al., 2017; Hentzen et al., 2020). CD63 is member of tetraspanins that is considered to be a reliable exosome surface marker. It plays important roles in membrane transport and has been proved to be a biomarker for breast cancer exosomes (Song et al., 2020; Mathieu et al., 2021). After incubation with serum from breast cancer-bearing mice, our magnetic bead system can selectively bind with the CD63 protein on exosomes, and subsequently isolate the target exosomes with external magnetic field. Finally, the structurally and functionally intact exosomes would be eluted from magnetic beads by regulating light excitation. This nanodevice provides a controllable strategy for separating exosomes from serum, allowing us to maximally preserve the value of exosomes for liquid biopsy and clinical studies. At the same time, the magnetic bead sorting method based on optical control strategy also provides a new platform for exosome detection of liquid homogeneous substances in the future.
[image: Figure 1]FIGURE 1 | Schematic illustration of our ultraviolet-responsive nanomagnetic beads for binding and separation of exosomes.
MATERIALS AND METHODS
Materials and reagents
Magnetic beads (CSMN Beads-100, MBs, 100 nm) were purchased from So-Fe Biomedicine (Shanghai, China). The rest of chemical reagents used in the synthesis of nanodevices were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China) and Sigma (Shanghai, China). SUM-1315 cells line was purchased from the Chinese Academy of Sciences (Shanghai, China). DMEM medium (11965092), Penicillin/streptomycin (15140122), and FBS (10099141C) were purchased from GIBCO (Shanghai, China). Anti-CD9 (13,403) primary antibodies were purchased from Cell Signaling Technology (Shanghai, China). Anti-CD63 (ab22595) and anti-calnexin (ab134045) primary antibodies were purchased from Abcam (Shanghai, China). Antirabbit HRP secondary antibodies (a0208), Enhanced-chemiluminescence (ECL) kits (P0018FS), and BCA kit (P0012S) were purchased from Beyotime. Biotechnology (Shanghai, China). CD63 aptamer with azide group was synthesized by Sangon (Shanghai, China), with the following sequence: 5′-CAC CCC ACC TCG CTC CCG TGA CAC TAA TGC TA-3′-N3 (Zhang Z et al., 2019).
Synthesis of magnetic bead system (MBs-Apt63)
Magnetic nanoparticle solution (600 μl, 5 mg/ml) was added to a 1.5 ml centrifuge tube. The nanoparticles were precipitated to bottom of the centrifuge tube with magnets, and supernatant was removed. After being washed with water three times, the nanoparticles were redispersed in 3 ml of 2-morpholinoethanesulfonic acid (MES) buffer with ultrasound. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) (dissolved with MES, 2.5 mg/ml, 2 ml) and N-hydroxy succinimide (NHS) (dissolved with MES, 5 mg/ml, 1 ml) were then added, followed by sonication for 15 s. The centrifuge tube was sealed by sealing film and shaken at 37°C for 45 min. After that, the nanoparticles were deposited to the bottom of the centrifuge tube and washed twice with phosphate buffered saline (PBS) buffer. The nanoparticles were redispersed in 6 ml PBS. Compound 5 (the compound codes mentioned in this paper were shown in Figure 2) in dimethyl sulfoxide (DMSO) (60 μl, 100 mg/ml) was added to the centrifuge tube and mixed by ultrasound. The mixture was oscillated at 37°C for 12 h. After removal of the supernatant, the CD63 aptamer with azide group was added into the nanoparticles’ aqueous solution at a 1:1 M ratio. 1 mol% copper sulfate pentahydrate and 5 mol% sodium ascorbates were added and solution was shaken at room temperature for 8 h to get the final magnetic bead system (MBs-Apt63).
[image: Figure 2]FIGURE 2 | Synthesis routes of photo responsive ligands.
Cell culture
SUM-1315 cells tested negative for mycoplasma were cultured in DMEM supplemented with 10% FBS and 1% penicillin−streptomycin. All cells were cultured in an incubator under 5% CO2 at 37°C.
Agarose gel electrophoresis
The aptamer-MBs mixture system was loaded into each well of the agarose gel and separated via electrophoresis. Target oligonucleotides were detected with Gel-Red kits.
Isolation of exosomes by UC from cell supernatant and serum
Exosomes were extracted from the supernatant of SUM-1315 cells or serum in the following steps: centrifugation was performed at 4°C at 2,000 × g for 10 min, and the supernatant was kept and centrifuged at 10,000 × g for another 30 min to further remove the debris. These samples were transferred to UC tubes and centrifuged at 110,000 × g for 75 min, followed by removal of the supernatant. The precipitates were resuspended and diluted with 1×PBS, and filtered through 0.22 µm membrane. The product was centrifugated again at 110,000 × g for 75 min, and the supernatant was discarded. The pellets were resuspended with 1×PBS and stored at −80°C for further use.
Isolation of exosomes by MBs -Apt63
Magnetic beads (0.1 μg) were added to every 500 μl of exosome suspension or serum to capture exosomes. The binding process was carried out on a shaker. After 20 min, the EP tube was put in a tube rack with a permanent magnet placed against the tube bottom. The supernatant was discarded. After 5 min of precipitation, and the pellets were resuspended in PBS and placed under UV light for 20 min. After elution of the exosomes, the bare magnetic beads were removed by permanent magnets after of 5 min’s adsorption time, and the exosome-containing supernatant was retained in 500 μl PBS.
Transmission electron microscope (TEM)
PBS solution (20 µl) containing exosomes was added to a carbon-coated copper grid and adsorbed. After cleaning with PBS, the copper grid was fixed in 1% glutaraldehyde for 2 min. The excess solution was removed by using paper towel to blot the edges of each grid. Then the sample was negatively stained with saturated uranyl acetate solution and incubated at room temperature for 1min. The unevaporated solution is removed with paper towel. The samples were observed under a transmission electron microscope.
Nanoparticle tracking analysis (NTA)
Nanoparticle tracking analysis was performed on ZetaVIEW S/N 17-310 and all NTA measurements were performed using the same setup to ensure consistent results. The exosomes were diluted in PBS to obtain 50 particles in each field of vision for optimal counting.
Dynamic light scattering (DLS)
Dynamic light scattering (DLS) measurements were conducted on a Nano ZS instrument (Malvern, United Kingdom). All samples were resuspended in PBS, and measured with the same instrument setup.
Western blotting
Exosome suspension (10 μl) was loaded into SDS-PAGE and then separated by electrophoresis. Proteins were transferred onto polyvinylidene fluoride membranes and blocked with 5% skim milk. The primary anti-CD63 and anti-CD9 antibodies were used, followed by incubation with HRP-conjugated secondary antibodies. Target proteins were detected with enhanced-ECL kits.
Animal models
BALB/C-nude mice (female, 4 weeks) were purchased from Model Animal Research Center, Nanjing University. The animal experiment was approved by the Ethics Committee of Nanjing Medical University. We confirmed that all animal experiments are complied with National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). The animals were raised at 25°C with 60% humidity. 2 × 106 of sum-1315 cells were inoculated into the back of each nude mouse. 10 days later, blood was collected from the posterior venous cluster of the eyeball. The blood was placed at room temperature for 2 h and centrifuged at 3000 rpm for 10 min at 4°C, and the upper serum was preserved. The serum of nude mice was stored at −80°C.
High sensitivity flow cytometry
Exosomes were incubated with 20 µl fluorescently labeled antibody (CD63) at 37°C for 30 min in dark. Then 1 ml of pre-cooled PBS (4°C) was added, followed by centrifugation at 110,000 g for 70 min. The supernatant was carefully removed and 1 ml of pre-cooled PBS (4°C) was added to resuspend. The solution was then centrifuged at 110,000 g at 4°C for 70 min, and the supernatant was carefully removed, followed by resuspension of pellets in 50 µl of precooled PBS (4°C) for analysis.
Proteomic analysis of exosomes
Exosome suspension was treated with 7 M urea, 2%SDS, and 1× Protease Inhibitor Cocktail. Protein concentration was determined using the BCA protein detection kit, and then the sample was processed with nuclease digestion, reduction/alkylation, acetone precipitation, and lysine-C/trypsin digestion. Desalination was carried out in the monospin column using 0.1% trifluoroacetic acid (TFA) and acetonitrile. After vacuum drying, 0.1%FA was added to redissolve the sample, and a 1–2 μg of sample was analyzed. The separation was performed with Easy-NLC 1000 (Thermo Scientific, United States) using an analytical column (C18, 1.9 μm, 75 μm × 20 cm) at a flow rate of 300 NL/min. Orbitrap Fusion Lumos (Thermo Scientific, United States) was used as a mass spectrometer. Data Dependent Acquisition (DDA) model was used for tandem mass spectrometry. The full-scan resolution was 60,000 (FWHM), the mass-charge ratio range was set to M/Z 350-1800, and the impact energy was set to 30% in HCD fragmentation mode. The original mass spectrometry data were collected and analyzed using the mass informatics platform Proteome Discoverer 2.4 (Thermo Fisher).
Statistics
Origin 2019 and GraphPad Prism 8.0 were used for statistical calculation of all histograms, and one-way anova was used for calculation of mean and variance.
RESULTS
Synthesis of UV-responsive magnetic bead system (MBs-Apt63)
The 2-nitrobenzyl groups were used as photo-cleavable linkers to anchor CD63 aptamers onto MBs. The detailed synthesis route is shown in Figure 2, and the chemical synthesis steps of photoresponsive ligands are described in Supplementary Material S1. The structure of MBs-Apt63 is shown in Figure 1. Firstly, the photo-cleavable linkers were anchored onto the surface of MBs via a moderate amination reaction. To selectively capture exosomes, CD63 aptamers were finally conjugated with the MBs through click reaction. The final UV-responsive magnetic bead system (MBs-Apt63) was characterized for Zeta potential, infrared spectroscopy, and dynamic light scattering (DLS) size (Supplementary Figure S2 and Supplementary Figure S10).
Magnetic beads respond to UV in vitro
We measured the UV responsiveness of the magnetic beads with a concentration at the range of 0–10 μg/ml, while the time of exposure to UV light was between 0 and 30 min. In Figures 3A,B, it was found that within the range of 0–10 μg/ml, the light-responsive groups of magnetic beads were highly sensitive to and effectively cleaved by UV light. The CD63 aptamers were rapidly released from MBs-Apt63 under irradiation, which also showed obvious time dependence. With increased exposure time, the amount of released free aptamers increased, and reached the maximum after 15 min of UV exposure.
[image: Figure 3]FIGURE 3 | Response of MBs-Apt63 to UV in vitro and identification of exosomes (A) Agarose gel electrophoresis (molecular weight of free aptamer = 32 bp) of MBs-Apt63 at different concentrations after UV exposure; (B) Agarose gel electrophoresis of MBs-Apt63 (10.0 μg/ml) after exposure to UV for different times (molecular weight of free aptamer = 32 bp). (C) The expression of CD9, CD63 and calnexin determined by western blotting; (D) The particle size of breast cancer cell exosomes characterized by DLS; (E,F) Transmission electron microscopy image of breast cancer exosomes (magnification = 50000× in C and 100000× in D, exosomes are shown in the red dotted circle).
Preparation and validation of exosomes
To test the ability of MBs-Apt63 to capture exosomes, we firstly extracted tumor exosomes from the cultural medium of breast cancer cell line SUM-1315 by UC. Western blotting analysis of exosomes showed the presence of CD9, CD63 (two common surface markers of exosomes) and calnexin (endoplasmic reticulum protein), indicating the successful preparation (Figure 3C). In DLS analysis, the exosomes showed an average size of 56 nm (Figure 3D), in line with characteristic particle size of exosomes (30–150 nm). Finally, we used TEM to observe the morphology of exosomes (Figures 3E,F), which displayed a typical lipid bilayer structure and a size in the range of 50–100 nm.
Capturing exosomes with MBs-Apt63 and elution with UV light
The process of isolating exosomes from cell supernatant or serum is shown in Figure 4A, which involves beads binding and exosome elution. DLS analysis was performed after MBs binding to exosomes and UV-triggered elution, which showed a size of 250 and 190 nm, respectively. (Figures 4B,C). In Figure 4C, the magnetic bead components were not removed in the system after ultraviolet dissociation. This reduced shift in maximum peak particle size from 256 to 190 nm indicated the elution of exosomes from the MBs after UV exposure. To further elaborate the binding and elution processes, TEM was used to observe the MBs-exosome complex before and after UV-triggered cargo release. Typical MBs bound to many exosomes were clearly seen before exposure to UV light (Figure 4D), whereas only purified exosomes could be observed after UV-induced release of exosomes and removal of magnetic beads by permanent magnets (Figure 4E).
[image: Figure 4]FIGURE 4 | Capturing exosomes by and elution of exosomes from MBs-Apt63. (A) Schematic diagram for extracting exosomes from serum and cell supernatant with MBs-Apt63; (B) DLS characterization after incubating exosomes with MBs-Apt63; (C) DLS characterization after exposing the MBs-exosome complex to UV light; (D) Transmission electron microscopy image of exosomes bound to MBs-Apt63 (left, 100000×, right, 25000×). Positions of exosomes and MBs-Apt63 are marked in red; (E) Transmission electron microscopy image of exosomes eluted from MBs-Apt63 by UV light.
Application of MBs-Apt63 in the separation of serum exosomes from breast cancer
To evaluating the performance of this novel MBs system in isolating serum exosomes, we established mice models of triple-negative breast cancer using human breast cancer SUM-1315 cells. We collected the serum when the tumor grew to about 800 mm3, and then isolated exosomes with MBs-Apt63 and conventional UC respectively. We firstly analyzed the particle size distribution (Figure 5A) and particle concentration of exosomes (Figure 5B) with NTA. Results showed that the particle size distribution of exosomes isolated by MBs-Apt63 and UC was similarly uniform, both of which were about 100 nm. While the serum concentration of exosomes acquired by UC is lower compared with that by MBs-Apt63 (2.5 × 109/ml versus 4.0 × 109/ml) according to the particle count analysis, indicating higher efficiency of MBs-Apt63 in extracting serum exosomes.
[image: Figure 5]FIGURE 5 | Evaluation of MBs-Apt63 in the isolation of serum tumor exosomes. (A) Particle size distributions of exosomes extracted by UC and MBs-Apt63. (B) Average serum exosome concentrations prepared by UC or MBs-Apt63; (C) Expression abundance of CD63 in exosomes isolated by UC and MBs-Apt63. Results were obtained from nanoflow flow test; (D) GO analysis of proteins from exosomes separated by MBs-Apt63 or UC. Top 10 GO components are displayed that are most enriched in exosomes separated by MBs-Apt63 (p < 0.05 as significance).
Next, we used the high sensitivity flow cytometry (HSFC) system to analyze the expression of CD63 on exosomes separated by UC and MBs-Apt63 (Figure 5C). The results showed that the expression abundance of CD63 was 4.9% in exosomes extracted by MBs-Apt63, which is much higher (0.4%) in exosomes separated by UC method. Therefore, the light strategy in MBs-Apt63 system improved the purity of exosomes with high expression of CD63.
In exosome-based liquid biopsies, diagnostic value ultimately comes from biomarkers in exosomes. In this study, proteins in exosomes separated by UC and magnetic beads were both analyzed by liquid mass spectrometry. We conducted a database search and comparison according to Proteome Discoverer 2.4 system. Specific database search parameters are shown in Supplementary Table S2. The relevant quality control information is shown in Supplementary Figure S5. 1044 proteins were identified in the exosomes isolated by UC, while only 677 proteins were detected in the exosomes separated by magnetic beads (Supplementary Table S3). To verify that our optically controlled MBs-Apt63 preserved more exosome-related proteins, we performed GO analysis on high-expression set of exosome proteins extracted by MBs-Apt63 versus UC. The screening criteria for differential proteins between the two groups were:
(1), Inter-group ratio ≥ 4 (2), Unique Peptides ≥ 2.
Among the top 10 GO components that were significantly higher in exosomes extracted by MBs-Apt63, three are related to exosome formation, including rough endoplasmic reticulum, early endosomes, and endocytic vesicles (Figure 5D), indicating a higher expression abundance of exosome-related proteins in CD63 positive exosomes separated by MBs-Apt63.
DISCUSSIONS
In this study, we developed a facile light-responsive magnetic bead sorting system for extracting exosomes from breast cancer. In our strategy, 2-nitrobenzene is designed as the surface ligand of the magnetic beads, whose UV responsiveness allows for spatiotemporal control of exosome separation with minimum interference with serum composition. From a practical perspective, it requires less time and smaller sample volume, and does not need sophisticated instruments. More importantly, this system can largely improve the efficiency of exosome isolation, maximizing the purity and integrity of the exosomes. At the same time, without the interference of magnetic beads, exosomes in the real liquid environment can greatly improve the efficiency of the labeled enzyme and substrate reaction. In addition, the masking the effect of magnetic beads themselves will be eliminated. Therefore, this method should be able to improve the sensitivity of subsequent detection.
Previous studies have reported considerable progress in the field of liquid biopsy, particularly some nanomaterial-based liquid biopsy techniques (Zhang P et al., 2019; Tian et al., 2019; Huang et al., 2020; Xia et al., 2020; Chen et al., 2021; He et al., 2021). On this basis, some studies have significantly improved the sensitivity of liquid biopsies, while others have looked at reducing the amount of fluid used in this process (Huang et al., 2019; Li et al., 2019; Kim et al., 2020; Jiang et al., 2021). In this study, the operation mode and sample requirements of liquid biopsy were further simplified. Firstly, the extraction method of exosomes by illumination and magnetic separation does not require additional reagents and processing time, which ensures reproducibility of extraction procedures, making our magnetic bead system can be used in large quantities in clinical practice. Secondly, the spatiotemporally controllable extraction method provides a simple exosome release strategy to remove the steric effect based on magnetic bead fixation, so that magnetic bead-based exosome detection can achieve better detection efficiency in the liquid phase reaction system. At the same time, as most research on UV response devices, the wavelength of UV light used in this study is about 254 nm. It has been shown in some studies that there is no relevant evidence to confirm that 254 nm ultraviolet light will cause damage to proteins under certain conditions of time and intensity (O'Brien et al., 2014; Cannon et al., 2014).
Our experimental results basically demonstrate the clinical application prospect of the system. Compared with traditional ultracentrifugation, the number of exosomes extracted from serum by our system increased by 60%. At the same time, the purity of proteins represented by CD63 was increased by 10 times. Through proteomic analysis, we also confirmed that the MBs-Apt63 preserved more protein components from exosomes. It indicated that, compared with traditional exosome extraction methods in the field of liquid biopsy for clinical cancer patients, this system can obtain the information of tumor in patients’ serum in a relatively comprehensive way, thus providing more reference value for implementation of diagnosis and treatment process. In the future, by changing the aptamers, our strategy provides a flexible approach to pathological analysis of breast cancer for personalized medicine, and its large-scale application can also supply a new platform for broadening the application scope of liquid biopsy of cancer. At the same time, this light-activated magnetic bead strategy also establishes the possibility to nondestructively enrich specific functional cell exosomes for cancer disease treatment (Fang et al., 2022).
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A portable nucleic acid detection (PNAD) system based on real-time polymerase chain reaction (real-time PCR) has been developed for point-of-care testing (POCT) of infectious disease pathogens. In order to achieve “sample-in, result-out” while keeping the system compact, the hardware system integrates optical, thermal and motion control modules in a limited space for nucleic acid extraction, purification, amplification and detection. Among these hardware modules, the fluorescence module is one of the most important modules, because its performance directly affects the accuracy and sensitivity of the testing results. In this paper, a miniaturized, high-sensitivity and integrated dual-channel fluorescence module have been proposed for the homemade PNAD system. Based on the principle of confocal optical path, two group of excitation-emission optical paths of different wavelengths are integrated in a small space. In terms of circuitry, a current-light dual negative feedback light emitting diode (LED) drive circuit is applied to improve the stability of the excited light source. All optical and electronic components are integrated in a metal box of 55 mm × 45 mm × 15 mm, that helps miniaturize the detection system. Two different modules have been assembled to fit various fluorescent dyes or probes with the set of excitation and emission as follow: module 1#: 470 nm/525 nm, 570 nm/630 nm; module 2#: 520 nm/570 nm, 630 nm/690 nm. Finally, hepatitis B virus (HBV) concentration gradient detection and multiplex detection of different gene targets of SARS-CoV-2 are carried out on the PNAD system equipped with these two fluorescence modules for evaluating their performances. Compared with the commercial real-time PCR instrument, our fluorescence module has good stability and detection sensitivity.
Keywords: fluorescence detection, confocal optical path, LED drive circuit, real-time PCR, point-of-care testing
INTRODUCTION
Nowadays, the Corona Virus Disease 2019(COVID-19) ravages the world with clinical manifestations ranging from cough and fever to pneumonia and even death, and its high infection and mortality rates bring great inconvenience and loss to people’s lives and the global economy (Bedford et al., 2020; Benmalek et al., 2021). The detection methods for COVID-19 mainly include antigen testing and nucleic acid testing (Cui and Zhou, 2020; Mathuria et al., 2020; Pokhrel et al., 2020; Rai et al., 2021). The antigen test measures some of the viral proteins and indicates the presence of pathogens. Compared with the nucleic acid method, antigen test is simple to perform and has a shorter turnaround time, but its low sensitivity makes unreliable results. Nucleic acid test detects viruses by amplifying the targeted nucleic acids and is used to confirm the presence of viruses that are difficult to culture, making it the gold standard test for COVID-19 microbiological diagnosis (Zhu et al., 2020; Song et al., 2021). But traditional nucleic acid testing is only suitable for large centralized diagnostic laboratories which require multiple devices to complete. The rapid development of COVID-19 and the limited capabilities of laboratory-based molecular detection make point-of-care testing (POCT) urgently needed in the diagnosis of COVID-19 outside the laboratory setting (Li and Ren, 2020; Tang et al., 2020). The greatest merit of POCT is that it could realize fast tests with low cost, providing sufficient time for the implementation of necessary preventive and therapeutic measures (Chen et al., 2018; Hanson et al., 2020; Deng et al., 2021; Huang et al., 2021; Wang et al., 2021).
Based on the above background, our group has developed a portable nucleic acid detection (PNAD) system (Figure 1A), which can automatically perform nucleic acid extraction and real-time PCR without manual intervention to achieve “sample-in, result-out” (Chen et al., 2017; Fang et al., 2021). As shown in Figure 1B, there are three core functional modules in this system including motion control module, thermal control module and fluorescence module, in which the fluorescence module is the crux of real-time PCR, because its sensitivity and stability determine whether real-time PCR can accurately quantify DNA templates. Meanwhile, its structure needs to be as compact as possible for miniaturization and portability.
[image: Figure 1]FIGURE 1 | Homemade portable nucleic acid detection (PNAD) system. (A) 3D rendering of the PNAD device. (B) Functional block diagram of the PNAD system including motion control module, thermal control module and fluorescence module to achieve “sample-in, result-out”.
Fluorescence is a photoluminescence phenomenon. When a substance absorbs incoming light, the energy of the photon is transferred to the molecule. After excitation occurs, the electrons of the molecule jump from a low energy level to a high energy level, i.e., from the ground state to an excited single or excited triplet state. Molecules in excited states are unstable and must be released by radiative transfer or non-radiative transfer to return to the ground state. The energy in the radiative transfer is released as photons (Ishikawa-Ankerhold at al., 2012; Fu et al., 2020). Compared to other optical detection techniques, fluorescence detection has high sensitivity, specificity and accuracy. Besides, fluorescence detection is immune to electromagnetic, pressure and temperature interference, so it also has a high stability. With the development of fluorescence detection technology, portable instruments based on fluorescence are developed and applied in various fields. However, fluorescence modules reported in the literature and used in commercial equipment either only have a single excitation light or a split structure with separate light sources and detectors. For example, Novak et al. (Novak et al., 2007) developed a fluorescence detection module consisting of a blue LED, excitation and detection filters, dichroic mirrors, and photodiodes. Katzmeier et al. (Katzmeier et al., 2019) reported a pocket-sized fluorescence detector for POCT, the detection unit of which includes an excitation light and a photodetector. Both of the above mentioned had only one excitation source and didn’t allow for multiple detection. Alam et al. (Alam et al., 2019) designed a portable fluorometer for detection of breast cancer cells, the excitation source and the detector are placed on opposite sides of the sample in a linear fashion. This separated structure was not favorable to integration.
In this study, a miniaturized, high-sensitivity and integrated dual-channel fluorescence module was designed for special requirements of the homemade PNAD system. The optical path was based on a confocal structure, which enables the excitation and emission of light without interference. Different from split structure, the excitation light source and detector of this module were located on the same side to make the structure more compact. Due to the generally weak fluorescence signal, it is crucial that the light source and detector should be stable and sensitive. A current-light dual negative feedback drive circuit was used to adjust the light intensity of the light emitting diode (LED) for its stability. As for the detection portion, the fluorescence signal was processed by amplification, filtering and analogue-to-digital (A/D) to confirm the accuracy and stability of the fluorescence data. After fabrication, two fluorescence modules containing 4 different fluorescence channels were integrated into the PNAD system, and hepatitis B virus (HBV) concentration gradient detection and multiplex detection of different gene targets of SARS-CoV-2 have been carried out for evaluating the performance of the modules. The results showed that the fluorescence module has excellent has excellent linearity with R2 greater than 0.99 and reproducibility with coefficient of variation (CV) less than 2%. And this fluorescence has good homogeneity of each channels compared with the commercial StepOnePlus.
MATERIALS AND METHODS
Architecture of the fluorescence module
Figure 2 shows the functional block diagram of the fluorescence module. The whole module can be divided into two parts of a drive circuit and an optical path. As for the first part, a STM32 series microcontroller (STM32F103C8T6, STMicroelectronics) was used as the microprogrammed control unit (MCU) of the module, which realized data and commands interaction with outside through controller area network (CAN) bus while controlled the excitation LEDs by outputting signals through the input/output (I/O) ports. A current-light dual negative feedback LED drive circuit was designed to enhance the stability of the excitation light. Moreover, a fluorescence signal processing circuit was designed to perform amplification, filtering and analog-to-digital (A/D) conversion on optoelectronic signals from detection photodiodes (PD). In terms of the optical part, LEDs, PDs and other optical elements such as filters, dichroic mirrors and lens were fixed on the confocal light path. The module integrated two similar excitation/emission optical path and corresponding drive circuits for achieving dual-channel measurement.
[image: Figure 2]FIGURE 2 | The Functional block diagram of the dual-channel fluorescence module, which can be divided into two partitions of drive circuit and optical path (Take module 1# as an example).
The module was executed as follows: First, the MCU controlled the LED to excit the sample through excitation light path. Then, the sample absorbed the specific frequency of photons and emitted the fluorescence. After passing through the emission light path, the fluorescence signal was received by the detection photodiode and converted into electrical signal, which was then processed by the photoelectric signal processing circuit for amplification, filtering, and finally transmitted to the host computer through the communication unit after analog-to-digital (A/D) conversion.
Optical design and components selection
Common optical systems used for fluorescence detection include light sources, focusing lenses, filters, dichroic mirrors and photodetectors. It is important to select an appropriate excitation light according to the requirements of application, which affects the sensitivity and selectivity of detection. Real-time PCR commonly used excitation light sources are xenon lamps, mercury lamps, lasers and high-power LEDs (Spibey et al., 2001; Shin et al., 2021), different lights have their own applications due to their characteristics. For example, xenon lamps and mercury lamps are applied to high power analysis systems with high luminous intensity, but their large size is not allowed in miniaturized instruments. Lasers have high brightness and good monochromaticity but their prices are expensive. Compared with other lights, LED is more suitable for portable systems with low-cost, small size, low energy consumption, long life, etc. Therefore, we chose high-power monochromatic LEDs of different wavelengths as light sources (LB W5SM, LY W5SM, LT W5SM, LR W5SM, OSRAM GmbH.). The wavelength of these 4 LEDs and corresponding fluorescence dyes are listed in Table 1. As for photoelectric sensors, the mainstream photodetectors include avalanche diode (APD), charge-coupled device (CCD), photomultiplier tube (PMT) and photodiodes (PD). APD has high gain, high quantum efficiency but narrow spectral response range, CCD can scan all fluorescent signals at the same time but with low sensitivity, PMT would be a good choice profits from its fast response and low noise without considering price. In contrast, PD is the most suitable detector in our system because of its high sensitivity, low noise and low-cost (Song et al., 2010; Ryu et al., 2011; Abdallah et al., 2014; Zhan et al., 2019), so the silicon PDs (S1337-33BR, Hamamatsu Photonics Co., Ltd.) were chosen as the detector.
TABLE 1 | Fluorescence dyes excitation and emission wavelengths.
[image: Table 1]To make the module more compact while reducing the interference of external stray light and improving the signal-to-noise ratio (Xie and Yang, 2019; Peng et al., 2021), an optical structure based on confocal light paths was designed as shown in Figure 3A. Figure 3B shows the photograph of the optical path, in which all of the optical elements were installed in a 3D printing box. In order to make the emitted light unaffected by the excitation light, bandpass filters of corresponding wavelengths were set in front of the LEDs and the PDs. In addition, dichroic mirrors in the main optical path were set to separate the lights from each channel.
[image: Figure 3]FIGURE 3 | Optical path of the dual-channel fluorescence module (Take module 1# as an example). (A) Schematic diagram of optical path: two excitation lights (blue and yellow) and two emitted lights (green and orange) forms a confocal light path with the help of four dichroic mirrors. (B) Photograph of the optical path, consistent with the schematic.
The bandpass filters and the dichroic mirrors were set as follows:
Module 1# channel 1#
The bandpass filter with center wavelength (CWL) of 470 ± 20 nm (BP-470, Shanghai Mega-9 Photoelectric Co., Ltd.) and the dichroic mirror with central wavelength of 500 (DM-500, Shanghai Mega-9 Photoelectric Co., Ltd.) nm were applied for excitation light; The bandpass filter with CWL of 525 ± 20 nm (BP-525) and the dichroic mirror with central wavelength of 550 nm (DM-550) were applied for emission light;
Module 1# channel 2#
The bandpass filter with center wavelength (CWL) of 570 ± 20 nm (BP-570) and the dichroic mirror with central wavelength of 600 nm (DM-600) were applied for excitation light; The bandpass filter with CWL of 630 ± 20 nm (BP-630) and the dichroic mirror with central wavelength of 650 (DM-650) nm were adopted for emission light;
Module 2# channel 1#
The bandpass filter with center wavelength (CWL) of 520 ± 20 nm (BP-520) and the dichroic mirror with central wavelength of 550 (DM-550) nm were adopted for excitation light; The bandpass filter with CWL of 570 ± 20 nm (BP-570) and the dichroic mirror with central wavelength of 600 nm (DM-600) were adopted for emission light;
Module 2# channel 2#
The bandpass filter with center wavelength (CWL) of 630 ± 20 nm (BP-630) and the dichroic mirror with central wavelength of 650 nm (DM-650) were adopted for excitation light; The bandpass filter with CWL of 680 ± 20 nm (BP-680) and the dichroic mirror with central wavelength of 700 (DM-700) nm were adopted for emission light; To achieve light focusing, convex lenses (GL12-006–006, Beijing Golden Way Scientific Co., Ltd.) were also set in front of the LED and the PD, and a focusing lens (GL11-006–008, Beijing Golden Way Scientific Co., Ltd.) was set at the excitation and acquisition ends to make the excitation light focus at the sample.
The current-light dual negative feedback LED drive circuit
According to the principle of fluorescence detection, the stability of the detected fluorescence signal is affected by the fluctuation of the excitation light. Therefore, a current-light dual negative feedback LED drive circuit was designed to provide stable excitation light.
The schematic block diagram is shown in Figure 4A, the current and light intensity adjust the drive circuit together to make the output stable. Due to the negative temperature coefficient of LED, the forward voltage drop will decrease as the temperature rises resulting in an increase of the forward current when driven by a constant voltage source. Meanwhile, a slight change in the forward voltage will cause a large change in the forward current because of volt-ampere non-linearity, so that the LED luminous flux will also be changed. Therefore, constant current source is more appropriate for the LED driver, which can avoid fluctuations in the supply current and thus ensure the stability of the light source. With increased usage time and temperature changes, LED will experience light decay and its light intensity will then diminish. To solve this problem, light intensity negative feedback was added on the basis of current negative feedback.
[image: Figure 4]FIGURE 4 | The current-light dual negative feedback LED drive circuit. (A) Working schematic block diagram of the circuit, the current-light dual negative feedback is realized by sampling the current and the light intensity of the LED. (B) Schematic of the circuit which can be divided into three partitions of current feedback, light intensity feedback and LED selection.
Figure 4B is the schematic of the drive circuit, which can be divided into three parts: 1) on-off control area: control signal from the MCU controlled LED via a MOSFET (YJL3400A, Yangzhou Yangjie Electronic Technology Co., Ltd.); 2) current feedback area: sampled by a resister R1, LED current was converted to voltage and put into negative feedback, and finally the current was regulated by the output characteristics of a triode (BCP56-16T3G, ON Semiconductor). 3) light intensity feedback area: a feedback PD (BPW 34 BS, OSRAM GmbH.) generated photocurrent when receiving excitation light, which was sampled by a resistor R2 and then connected to feedback terminal. In short, the current negative feedback will increase current when it decreases, and the light intensity negative feedback will increase current to strengthen light when light weakens, and vice versa.
Fabrication and integration of the module
The exploded view of the overall structure is shown in Figure 5A, all the optical components were placed in a 3D printing box, above which was the control circuit board. The optical path and the circuitry were assembled into a complete unit by soldering the LED board and the PD board to the main circuit board. This assembly was then placed inside a metal box to isolate electromagnetic noise in environment. Two fluorescence modules (Figure 5B) with different wavelengths of excitation light were fabricated and integrated into the PNAD system (Figure 5C) for multiplex real-time PCR. Under the driving of the stepping motor, the fluorescence modules can scan and detect the signal of multiple reaction tubes.
[image: Figure 5]FIGURE 5 | (A) The three-dimensional (3D) illustration of the fluorescence module in an exploded view, which includes metal shell, PCB, optical path cover, optical structure and focus lens. (B) The photograph of two fluorescence modules combined together. (C) Integration of the fluorescence module (in the red box) with a homemade portable nucleic acid detection system.
Reagents and methods for performance evaluation
The two fluorescence modules were installed in the homemade PNAD system after fabrication. Then, HBV and SARS-Cov-2 real-time reverse transcription PCR (real-time RT-PCR) were performed on this system. Meanwhile, the same sample was amplified and detected in StepOnePlus real-time PCR system (Applied Biosystems, America) under the same conditions for reliable results. The reagents used in the experiments include magnetic bead RNA extraction kit (Z-ME-0010, Shanghai Zhijiang Biotechnology Co., Ltd.), hepatitis B virus (HBV) nucleic acid assay kit (Z-HD-2002-02, Shanghai Zhijiang Biotechnology Co., Ltd.), 2019-nCoV nucleic acid test kit (Z-RR-0479-02-50, Shanghai Zhijiang Biotechnology Co., Ltd.) and Sterilized ddH2O (Sangon Biotech).
Experimental methods are as follows:
1) Serum samples containing 5 × 106 IU/ml (standard sample in the HBV nucleic acid assay kit) were selected for testing. First, the viral RNA was extracted by the RNA extraction kit. After that, purified HBV RNA was diluted 10×, 100×, 1,000×, and a total 4 concentrations of samples were obtained before and after dilution. Then, 10 μL of each sample was added to 40 μL of the PCR mix, blended and centrifuged. Finally, real-time RT-PCR was performed by the PNAD system and StepOnePlus. The reaction conditions of real-time RT-PCR were: 37°C 2 min, 94°C 2 min, 93°C 15 s 45 cycles and 60°C 60 s. The first channel (excitation: 470 nm and emission: 520 nm) was used to detect the fluorescence signal.
2) SARS-CoV-2 positive control sample of the test kit were extracted by the extraction kit. Then 5 μL of purified RNA and 20 μL of PCR mix were blended to form 25 μL amplification system. Finally, multiplex real-time RT-PCR was performed by the PNAD system and StepOnePlus to test ORFlab gene, N gene, E gene and the internal standard target of SARS-CoV-2. The reaction conditions of real-time RT-PCR were: 45°C 2 min, 95°C 3 min, 95°C 15 s, 45 cycles and 58°C 30 s. The first channel (excitation: 470 nm and emission: 520 nm) was used to detect ORFlab gene, the second channel (excitation: 520 nm and emission: 570 nm) was used to detect N gene, the third channel (excitation: 570 nm and emission: 630 nm) was used to detect E gene, and the fourth channel (excitation: 630 nm and emission: 690 nm) was used to detect the internal standard target.
The fluorescence module designed in this paper was used for fluorescence excitation and detection. It took 200 ms to detect each sample tube, 5 raw fluorescence data were collected and averaged as the final fluorescence value. Finally, the fluorescence values of each cycle were plotted as real-time PCR curves for further analysis.
RESULTS AND DISCUSSION
Optical path simulation results and analysis
In order to further analyze the feasibility of the optical path, the transmission efficiency and detector received light intensity were simulated by the ZEMAX software. And the optical paths of the two channels were simulated separately, with each channel divided into two optical paths: excitation and emission. The first channel optical paths simulation diagram is shown in Figure 6, Figure 6A indicates the 3D layout of the excitation optical, where the excitation light was collimated by a focusing lens, reflected by a dichroic mirror, and then focused by a plano-convex lens onto a detector. Figure 6B shows the light spot on the detector that was set up to evaluate the excitation light intensity at the sample. Likewise, Figure 6C presents the 3D layout of the emission light path, compared with the excitation light path, an additional dichroic mirror was set to separate the excitation light from the emission light. Figure 6D shows the light spot on the detector which represented the light received by the PD in the actual module.
[image: Figure 6]FIGURE 6 | First channel optical paths (excitation/emission: 470 nm/525 nm) simulation diagram (A) 3D layout of the excitation optical path. (B) Image of the excitation optical path detector with 9.05 l m total power. (C) 3D layout of the emission optical path. (D) Image of the emission optical path detector with 5.2 × 10-2 lm total power.
Table 2 displays the results of the simulation, ignoring transmittance and reflectance, with the setting power of 100 l m, the LED light intensity reached to the reagent was 9.05 l m after passing through the optical elements. Calculated with 95% transmittance, the light intensity was 7.76 l m after 3 optical elements. The fluorescence intensity was set to 1 l m and picked up by the detector with the intensity of 0.042 l m after optical path loss. Corresponding the above relationships to the actual parameters, the blue LED (LB W5SM) output at I = 350 mA was 15–33 l m, so the blue light projected to the reagent was 1.16–2.56 l m. Assumed with 65% fluorescence quantum efficiency of the reagent dye, the fluorescence intensity was 0.75–1.65 l m and the intensity reaching the detector was 0.031–0.069 l m. The PD (S1337-33BR, 5.7 cm2 detection area) had a current of 4.4–6.2 μA at 100 lx illumination, so the luminous flux on the detector surface at 100 lx was 5.7c×10-4 lm which was far less than 0.031 l m. Therefore, it can be considered that the fluorescence from samples was excited by the 470 nm excitation light, and then returned to the PD with very weak intensity which was still detectable despite significant losses.
TABLE 2 | Results of the first channel simulation analysis.
[image: Table 2]Similarly, second channel optical path simulation diagram is shown in Figure 7 and the its results are displayed in Table 3. The Yellow LED (LY W5SM) output was 39–82 l m and the fluorescence emitted from reagent was 0.56–1.18 l m. The light intensity received by the detector after six optical elements was 0.01–0.02 l m, much larger than 5.7 × 10-4 lm (the luminous flux on the PD at 100 lx). Although the second channel lost more light energy than the first, the faint fluorescence also can be detected by the PD, demonstrating the viability of the optical path.
[image: Figure 7]FIGURE 7 | Second channel optical path (excitation/emission: 570 nm/630 nm) simulation diagram. (A) 3D layout of the excitation optical path with 2.85 l m total power. (B) Image of the excitation optical path detector. (C) 3D layout of the emission optical path. (D) Image of the emission optical path detector with 2.35 × 10-2 lm total power.
TABLE 3 | Results of the second channel simulation analysis.
[image: Table 3]HBV concentration gradient test
Figure 8 shows the HBV concentration gradient test results from PNAD system and StepOnePlus. Real-time RT-PCR curves for HBV with concentration range from 5 × 106 IU/ml to 5 × 103 IU/ml are shown in Figures 8A,C, and standard curves for Ct values are shown in Figures 8B,D. In order to compare the results more visually, all original fluorescence data were baseline subtracted and normalized. In Figures 8A,C, the curves were aesthetically smooth and had the same trend for each concentration of HBV tested. Figures 8B,D indicates that standard curves from the PNAD system and StepOnePlus both had excellent linearity within the selected concentration range, and both had a determination coefficient R2 > 0.99. Table 4 shows the results of Ct values and their reproducibility, the Ct values of HBV from the PNAD system and StepOnePlus were similar, and the CV of PNAD was within 2% which can be considered that the PNAD system equipped with this fluorescence module was fully comparable to the commercial StepOnePlus.
[image: Figure 8]FIGURE 8 | Real-time fluorescence PCR curves (left) and their standard curves (right) for detection of HBV with concentrations ranging from 5 × 106 IU/ml to 5 × 103 IU/ml. (A) and (B): The real-time PCR curves and standard curves for Ct values from the homemade PNAD system. (C,D): The fluorescence curves and standard curves for Ct values from StepOnePlus system.
TABLE 4 | Ct value and reproducibility of HBV concentration gradient test from the PNAD system and StepOnePlus system.
[image: Table 4]SARS-CoV-2 multi-target test
To further validate performance of the 4 channels of the two fluorescence modules, the 2019-nCoV nucleic acid test kit was used to test ORFlab gene, N gene, E gene and the internal standard target of SARS-CoV-2. These four targets corresponding to the fluorescence channels are: FAM (470 nm/520 nm), HEX (520 nm/570 nm), TEXAS Red (570 nm/630 nm) and Cy5 (630 nm/690 nm), which coincided with the detection channels of the two fluorescence modules. Multiplex real-time fluorescence PCR curves for different genes of SARS-CoV-2 from StepOnePlus and the PNAD system are shown in the Figure 9. It should be noted that since there was no Cy 5 channel in StepOnePlus system, so the curve corresponding to the internal standard target was absence. Comparing with the curves from StepOnePlus system (Figure 9A), fluorescence curves from the PNAD system (Figure 9B) are smoother both in baseline and exponential growth periods, which means that under the driving of the current-light dual negative feedback LED circuit the excitation LED of the designed fluorescence module is highly stable. In addition, comparing with Figure 9A, the difference in signal gain of these curves was smaller in Figure 9B due to the compensation for optical loss by strengthening excitation light and amplifying fluorescence signal gain in the designed fluorescence module. The Ct values of each curves are displayed in Table 5, as for 3 different genes of SARS-CoV-2, the similar results of the PNAD system and StepOnePlus further indicate the homogeneity of each channels in fluorescence module.
[image: Figure 9]FIGURE 9 | Multiplex real-time fluorescence PCR curves for detection of different targets of SARS-CoV-2. (A) Fluorescence curves of ORFlab gene, N gene and E gene of SARS-CoV-2 from StepOnePlus system. (B) Fluorescence curves of ORFlab gene, N gene, E gene and internal standard target from the homemade PNAD system.
TABLE 5 | Ct value of different targets of SARS-CoV-2 from the PAND system and StepOnePlus system.
[image: Table 5]CONCLUSION
We developed a miniaturized, high-sensitivity and integrated dual-channel fluorescence module that was extremely suitable for portable nucleic acid detection system for real-time PCR. The dual-channel fluorescence module integrated drive circuit board and all of the optical elements in a minute (55 mm × 45 mm × 15 mm) metal box. Based on confocal optical path, a single module realized dual channels fluorescence exciting and detecting by integrating two set excitation-emission optical paths at different wavelengths. The stability of fluorescence signal is enhanced by the improvement of the LED stability which is provided by a current-light dual negative feedback LED circuit. In addition, the signal differences of each curves are smaller due to the compensation for optical loss by strengthening excitation light and amplifying fluorescence signal gain. After fabrication, we installed the two fluorescence modules on the homemade PNAD system to perform HBV concentration gradient test and multiplex test for different gene targets of SARS-CoV-2. The homemade PNAD system showed excellent linear response to HBV within the concentration range from 5 × 106 IU/ml to 5 × 103 IU/ml, the correlation coefficient R2 was greater than 0.99. Besides, it had good reproducibility with CV less than 2%. A comparison of the SARS-CoV-2 test results between our modules and StepOnePlus shows that this module performs better in stability and homogeneity across different channels.
Currently, four dichroic mirrors are used in the optical path to distinguish excitation light from emission light, which greatly causes the loss of light energy. If more channels of fluorescence detection want to be achieved, the current optical path structure is not the most preferable solution. Because more detection channels mean more excitation sources, detectors and optical components such as dichroic mirrors and filters, there will be more losses in the optical path. So, we are considering the use of optical fiber to achieve the separation of excitation and emission light, which may reduce the loss of light energy. In addition to being integrated into a homemade PNAD system for real-time PCR, the fluorescence module designed in this paper can be adapted to different applications such as water quality monitoring, food safety checking and clinical testing by changing the LEDs and filters.
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The outbreak of the coronavirus (COVID-19) has heightened awareness of the importance of quick and easy testing. The convenience, speed, and timely results from point-of-care testing (POCT) in all vitro diagnostic devices has drawn the strong interest of researchers. However, there are still many challenges in the development of POCT devices, such as the pretreatment of samples, detection sensitivity, specificity, and so on. It is anticipated that the unique properties of nanomaterials, e.g., their magnetic, optical, thermal, and electrically conductive features, will address the deficiencies that currently exist in POCT devices. In this review, we mainly analyze the work processes of POCT devices, especially in nucleic acid detection, and summarize how novel nanomaterials used in various aspects of POCT products can improve performance, with the ultimate aims of offering new ideas for the application of nanomaterials and the overall development of POCT devices.
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INTRODUCTION
Point-of-care testing (POCT), which refers to detection immediately after sampling—without the need for professional personnel and equipment—has the advantages of being in real-time, fast, low cost, and so on (Buckle et al., 2021; Xu et al., 2021). Operators do not need to be medical professionals, and testing does not need to be in a fixed site, but can take place anywhere, e.g., in an emergency room, ambulance, outdoors or in the home (Ferreira et al., 2018; Yan et al., 2021). WHO has defined the criteria for POCT products as “ASSURED” (i.e., affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable to end-users) (Land et al., 2019). However, there is a challenge in fulfilling these criteria, especially the sensitivity and specificity of the device. Thus, novel methods are urgently needed to ensure the rapid development of POCT devices.
Nanomaterials can be defined as materials possessing at least one external dimension within the nanometer scale of 1–100 nm (Suan Ng et al., 2022). Due to their special features, nanomaterials offer a wide range of possibilities in various fields, such as biocompatibility, fluorescence, electrical and thermal conductivity, and magnetism (Guo et al., 2018; Li et al., 2020; Tang et al., 2020; Gong N et al., 2021; Li J et al., 2022a). Meanwhile, nanomaterials have different shapes and can be divided into four types: 0D (e.g., spherical nanomaterials), 1D (e.g., nanotubes and nanowires), 2D (e.g., graphenes), and 3D (e.g., nanoprisms and nanoflowers). In line with their advantages and disadvantages, nanomaterials have been applied in different fields, such as the diagnosis of disease, detection of metal ions, and so on (Lai et al., 2018; Quesada-Gonzalez et al., 2018; Ma et al., 2020; Li J et al., 2021). Owing to their specific features, nanomaterials have also become integral in enhancing the performance of POCT devices.
In recent years, nanomaterials have been applied in multiple POCT devices to improve the efficiency of nucleic acid detection, especially in the face of the coronavirus (COVID-19) pandemic. Kim et al. (2021) found nanomaterial-based thin films were superior transducers that can reliably detect about 100 copies of the virus without being disturbed by interfering agents in a virus culture medium (WHO considers a viral load under 106 copies/mL negative). Interestingly, the relations between various thin film properties and the sensitivity of immunosensors were systematically analyzed using a special calculation method that showed good correlation. Hasanzadeh et al. (2021) introduced the application of nanomaterials in protective equipment, the loading and delivery of vaccines, and COVID-19 detection equipment. Xiao C et al. (2022) also systematically elaborated relevant studies regarding the use of nanomaterials in preventing viral spread, preparing vaccines, and diagnosing coronavirus. These works show that nanomaterials have penetrated all stages in the diagnosis and treatment of COVID-19, and hence their integration with POCT devices will be an increasing trend in the future detection market.
A clear understanding of the core technology of POCT devices is of paramount importance. The sensor as receiver controls the accuracy and sensitivity of the devices, because it can register the measured information and output as an electrical signal or in other required forms. A nanosensor is also a type of sensor, and has the advantages of miniaturization, digitalization, intelligence, multi-functionality, systematization, and network capacity, which shows its good application prospects in the development of POCT devices (Yang et al., 2018; Wu et al., 2020b; Li Q et al., 2021; Suan Ng et al., 2022; Xiao M. F et al., 2022). As Mitasha has described, using various biomolecules to detect specific analytes, activatable sensors in POCT products can be divided into immunological-based tests, nucleic acid (NA)-based tests, and other biomarker-based tests (Bharadwaj et al., 2021). Activatable sensors can improve specificity and sensitivity compared to traditional detection, hence providing more comprehensive information and obtaining faster detection speed (Wiraja et al., 2019; Ma et al., 2020; Xie et al., 2020). Therefore, the advantages of activatable sensors all meet the demands for POCT, and are widely used in POCT devices.
The NA-based nanosensor is an activatable sensor, which not only targets NA or proteins (e.g. aptamer), but can also combine antisense oligonucleotides or interfering RNAs to serve both therapeutic and diagnostic purposes (theragnostic) (Liu et al., 2017; Xie et al., 2020; He et al., 2021; Khan et al., 2021). Use of an NA-based sensor as a screening tool to detect COVID-19 produces highly specific and sensitive results (Dronina et al., 2021; Zhang M et al., 2022). In recent decades, the NA-based sensor has been used as a detector to assess heavy metal ion concentration, where it has also demonstrated good performance (Liu et al., 2018; Guo et al., 2021; Chen et al., 2022). In summary, deeper insights into POCT devices and their application include disease diagnosis and therapy, pathogen diagnosis, heavy metal ion monitoring, and so on (Cho et al., 2018; Zeng et al., 2020; Kim H et al., 2021; Mo et al., 2021; Jani and Peter., 2022). However, using a NA-based sensor to achieve the purpose of detection in POCT, to meet the abovementioned WHO-defined criteria, requires greater accuracy and shorter response times, and can, to a certain extent, be achieved by combination with nanomaterials.
In this review, we firstly clarify the current status and trends in POCT in recent years to elicit the latest information, as these aspects have been broadly reviewed in general terms (Prattis et al., 2021; Zhang N et al., 2022). Moreover, we focus on introducing the role of nanomaterials in the work processes of POCT devices, as illustrated in Figure 1, including loading the sample, detection, and data display. In relation to detection especially, we elaborate two functions: amplification and non-amplification, and highlight the important role of nanomaterials in these functions. Overall, this work aims to promote further development of POCT devices, and in particular, POCT devices related to nucleic acid detection. It also offers new ideas for the continued development of POCT devices with high sensitivity, low assay cost, and low power requirements.
[image: Figure 1]FIGURE 1 | The schematic diagram of POCT device detection process.
LOADING THE SAMPLE
To reduce interference material in the sample, and to avoid influence on the determination of the result, sample purification is an important step that cannot be ignored. Currently, for the extraction and purification of NA, common methods are magnetic bead-based, column-based, and phenol-chloroform-based (Mou et al., 2019; Wang S et al., 2021; White et al., 2022). In the early days of POCT devices, few researchers considered the project of integrating sample preprocessing into POCT devices. It is well known that the complex and time-consuming sample preparation process should be performed by professionals, because direct loading of samples under unpurified conditions can cause high false positives and negative results. These processes are difficult to promote, which hinders further development of POCT technology.
The application of nanomaterials can speed up and automate sample purification, which also helps users simplify sample pre-processing and hence improve accuracy in the POCT procedure. Magnetic nanoparticles have a pivotal position, particularly in NA purification (He et al., 2017; Tang et al., 2018; Dong et al., 2020). A variety of extraction methods involving magnetic nanomaterials are emerging. Kang et al. (2021) developed a simple NA purification system performed in a plastic Pasteur pipette, using magnetic nanoparticles that enter the NA extraction process, as shown in Figure 2. Unlike traditional approaches, the system could complete NA extraction from various samples, including swabs, serum, milk, and pork, in 15 min without assistance from electrical instruments, and the obtained extract had a lower limit for subsequent amplification detection. The system satisfies the requirements for POCT and offers a new idea for integrated detection in POCT devices.
[image: Figure 2]FIGURE 2 | Nucleic acid extraction in Pasteur pipette system and detection results. (A) The schematic illustration of lysis and binding step, washing step, elution step and nucleic acid extraction in Pasteur pipette system, and detection step. (B) Comparison of extraction effect between Pasteur pipette system and the commercial kit. (C) The sensitivity of the Pasteur pipette system. Copyright 2021 Elsevier Inc.
There is a similar study from Pearlman et al. (2020), and work is ongoing to improve the capturing ability of magnetic beads. Bacteria have a different cell surface hydrophobicity, and when the contact angle of the material and water is approximately 90°, the highest bacterial adhesion is shown (Krasowska and Sigler., 2014; Li et al., 2019). In line with this feature, Lee et al., (2021) synthesized tryptamine-functionalized magnetic nanoparticles. Their strategy was to adopt the enrichment of bacteria before DNA extraction. The result demonstrated the extraction efficiency of 1 CFU/ml was 10 times better than that of the commercial kit, and that the process had good stability and accuracy. A novel g-Fe2O3/PEDOT hybrid nanocomposite was synthesized by da Silva et al. (2021). Here modified nanomagnetic beads were used to extract the DNA from blood and bacteria, and the yields after verification were 6.4 mg and 7.3 mg, respectively, and the captured DNA could be directly used for downstream experiments, such as PCR amplification, without being detached from the nanocomposite.
The limitation of magnetic nanoparticles is their slow response to external magnetic stimuli, which means that they need to form larger magnetic complexes by using high nanoparticle concentrations or have long incubation times (Burklund et al., 2020). Poncelet et al. (2021) developed suspended magnetic nanoparticle assemblies (M-clouds) for DNA extraction. The detailed principle is shown in Figure 3. The M-clouds have a strong magnetic field, and can enable almost instant contact between capture sites and the target analyte when the sample solution is flowing. The real result shows that the efficiency of E.coli capture and DNA extraction by M-cloud devices was in the range of 17.3–34.1% when the concentration was 103 CFU/ml in environmental water samples. Extraction reagents surely also affect the efficiency of DNA capture (Tang et al., 2013; He et al., 2019). In short, the purpose of pre-test treatment for complex samples is to improve the purity and yield of NA, and all the work has been done to this end. The purification and enrichment of bio samples to obtain high quantity NA is crucial for downstream detection and analysis. Pre-processing of complex samples is therefore essential, and from proper processing it will be easier to obtain highly accurate detection results.
[image: Figure 3]FIGURE 3 | Concept of in situ microbial capture and DNA isolation. (A) Schematic illustration of segmented, multifunctional M-cloud configuration used within this work. (B) Flow chart detailing the order in which assay components are introduced to the M-cloud, along with illustrations of the main steps. (C) Schema of the microfluidic chip developed for process integration. (D) Illustration of the experimental setup used to generate M-cloud capture regions inside the microfluidic chip. Copyright 2022 Royal Society of Chemistry.
DETECTION
Obtaining high-quality DNA is the first step in optimizing detection results, but improvement in the sensitivity and specificity of detection should not be ignored. Therefore, researchers are taking great pains to improve detection methods in order to obtain more exact outcomes. At present, there are two methods for NA detection: amplification and non-amplification. They each have their advantages and disadvantages, which are unavoidable to some extent. Researchers strive to improve these advantages and reduce the disadvantages. The use of nanomaterials can help to address some of the key issues, and in the next section we mainly introduce NA detection methods based on use of nanomaterials in POCT devices.
Amplification
Exponential amplification in NA detection helps researchers obtain sufficient information from low NA levels. Zhang W et al. (2022) reviewed the application of different nanomaterials (0D, 1D, 2D, and 3D) in isothermal NA amplification, and identified the following advantages of nanomaterials: increasing the activity and stability of the amplification enzyme, activating the activity of enzymes, inhibiting nonspecific amplification, and promoting helicase-dependent denaturation. These advantages are all driving forces in promoting the development of POCT devices.
POCT devices have some limitations, such as complex temperature controls, considerable weight, and high background signals. To solve these problems, more novel technologies have been developed. For example, in the work of Lee et al. (2020), a novel system based on a nanogap-embedded, active whispering-gallery mode resonator was developed to detect the product of recombinase polymerase amplification. Resonators are the core components of detection systems. At present, nano-gap active resonators, disk resonators, and ring resonators are the most common. Ultra-high quality factor optical resonators (Chen et al., 2017) are among the disk resonators, while silicon microring resonators (Park et al., 2013) are ring resonators. Detailed parameter comparisons are given in Table 1, with nanogap active resonators possessing higher sensitivity and lower background signals compared to other resonators. Meanwhile, the author thinks the system can become a POCT device by combining it with a visible LED source, because the size and performance of the entire system fits the demands for POCT devices. Direct detection without NA extraction has become a hot topic, because of the simplified detection steps, shortened detection time, and decreased detection costs, although distractions in the sample or impure NA will affect the detection results.
TABLE 1 | Comparison of the nano-gap active resonator with other resonators.
[image: Table 1]Similarly, Yi et al. (2021) have synthesized a nanoporous hydrogel with self-cleaning properties for application to direct NA analysis without the need for any sample pretreatment. The detection principle is shown in Figure 4. The inhibitor was adsorbed and removed by the formation of a cross-linking network structure of hydrogel, and next an amplification reaction was produced. The method gives us the new idea that nanoporous hydrogel can become a sort of “dustman” in removing some adverse factors and achieving an efficient NA amplification reaction. Appropriately amplifying the detection signal is necessary. For example, Yang et al. (2020), reviewed detection signal amplification strategies for nanomaterial-based photoelectrochemical (PEC) biosensors, and put forward PEC instruments that are simpler, more cost-effective, with higher analytical detection performance and easier miniaturization. In addition, the PEC sensors can reduce background signals, and have higher sensitivity than conventional electrochemical methods. Alafeef et al. (2021) synthesized the antisense oligonucleotide (ASO)-capped gold nanoparticles (AuNPs) to detect the product of loop-mediated isothermal amplification. By using clinical sample evolution, the accuracy, sensitivity, and specificity of the detection were >98.4%, >96.6%, and 100%, respectively, with a detection limit of 10 copies/μL.
[image: Figure 4]FIGURE 4 | (A) Schematic illustration of isothermal amplification inside the nano porous hydrogel for digital LAMP in complex matrices. (B) The photograph for naked-eye counts of amplicon dots in the hydrogel under the LED flashlight. (C) Endpoint fluorescence images of hydrogel after LAMP reaction for unprocessed whole blood spiked with a series concentration of the E.coli genome. Scale bar of 1 mm. (D) The impact of different concentrations of whole blood on LAMP reaction performed in the hydrogel or solution. (E) The impact of different concentrations of HA on LAMP reaction in the hydrogel or solution. (F) Comparison of hydrogel counts to the spiked E. coli genome concentration in unprocessed blood. LAMP: loop-mediated isothermal amplification. Copyright 2021 Elsevier B.V.
Rolling circle amplification (RCA) is an isothermal NA amplification method and has ultrahigh specificity for nucleotide variants. Tian et al. (2020), performed two rounds of RCA, and the product of the second round of RCA combined magnetic nanoparticles to generate amplicon coils. The opto magnetic signal can then be charged with the increased amplification product, thus achieving real-time NA detection. Similarly, Wang et al. proposed a lateral flow gene assay (LFGA), combining recombinase polymerase amplification (RPA) and nucleic acid lateral flow (NALF), to directly detect a DNA sample using an oligonucleotide probe. The detection process is described in detail in Figure 5. AuNPs were applied as a dye in RPA amplification product analysis. The whole detection process was completed under 37–42°C in 30 min. This work provides a portable POCT platform without the need for any costly instruments (Wang Z et al., 2021).
[image: Figure 5]FIGURE 5 | (A) The principle of lateral flow gene assay. The RPA product and the AuNP-labeled detection probe were added to TE buffer, and then the mixed droplets were added to the sample pad of the strip. In the presence of positive products, there will be two red lines on both the test line and control line. In the presence of negative products, there will be only one red line on the control line. (B) The detection result of sample, Lane 1: target DNA; Lane 2: double-distilled H2O. (C) A series of tenfold DNA diluents from 101 to 104 extracted from blood infected with ASFV were used to determine the LOD, Lane 1: 10-fold dilution; Lane 2: 102-fold dilution; Lane 3: 103-fold dilution; Lane 4: 104-fold dilution; Lane 5: NTC. Copyright 2022 Springer Nature Switzerland AG.
These results show that nanomaterials make a contribution to POCT devices in the matter of NA amplification detection, mainly concerning amplified detection signals and reduced nonspecific amplification, and a large body of literature supports this result (Jiang et al., 2013; Nie et al., 2014; Yang et al., 2017; Jiang et al., 2018; Wu et al., 2020a). Overall, nanomaterials have made an outstanding contribution in optimizing NA amplification, and can not only improve the accuracy of detection, but can also shorten detection time and optimize the detection process. Amplification detection requires enzyme assistance, and enzymes need a separate chamber in order to work, and specifically, most reactions require temperature to activate the enzymes. This means that POCT products need to be larger to some extent and are more difficult to operate. However, the above methods can be applied to miniaturized instruments to achieve POCT detection.
Non-amplification
Direct detection of NA without amplification is more suitable for POCT devices. Meanwhile, the requirement for sample purification is also lower without the involvement of an amplifying enzyme. Nevertheless, here the greatest limitation is low sensitivity, and how to capture more NA in samples and collect as many real signals as possible are some of the problems that researchers need to think about (Mondal et al., 2021; Sun 2022). AuNPs can be designed to suit diversified functionalization options, due to easy surface modification (Lai et al., 2018; Sarfraz and Khan, 2021; Li J et al., 2022b; Liu Y et al., 2022).
AuNPs have the feature of localized surface plasmon resonance, which give them a signal 10- to 10,000-times higher than fluorescent dyes or quantum dots, and this can be detected in simple dark-field microscope. Li et al. (2016) developed a nonamplification sandwich assay for NA detection, and the detection principle is shown in Figure 6. The result shows the length and concentration of target DNA: while the dose of AuNPs can affect the detection efficiency, the detection rate of the target DNA is almost unaffected in a complex matrix containing a variety of proteins and other contaminants. Interestingly, the limit of detection of a clinic sample is 3 fM, and only requires a simple dark-field microscope, which shows that the assay has high simplicity and sensitivity. Ota et al. (2021) used 4-cyano-N-(2-mercaptoethyl) benzamide (4CMB) and oligonucleotides to modify the surface of gold nanorods and finally form a sandwich structure which can detect the target DNA under 1 nM. The limitations of the structure are that the concentration of target DNA is unquantifiable and needs the auxiliary detection of a micro-Raman spectroscope.
[image: Figure 6]FIGURE 6 | (A) The schematic illustration of nucleic acid extraction method combining the sandwich-type DNA hybridization strategy and magnetic separation. (B) Dark-field images of AuNP-DNA with different concentrations of 40-nucleotide target DNA. (C) Automatic counting results for target DNA with different lengths: (a) 24 nucleotides, (b) 40 nucleotides, and (c) 60 nucleotides; (d) the photograph of the supernatant with different concentrations of 40-nucleotide target DNA (from left to right, 0 p.m., 20 p.m., 100 p.m., 500 p.m., 4 nM, and 20 nM). Copyright 2016 American Chemical Society. Copyright 2021 Elsevier B.V.
A DNA nanostructure is a technique for artificially designing and producing useful NA structures, which, as a bridge, connect the relationship between optoelectronics, thermology dynamics, and genetic information (Zhang et al., 2020; Henry and Stephanopoulos, 2021; Li S et al., 2021; Qin et al., 2022). Although not active, a DNA nanostructure has these advantages: low toxicity, high resistance to degradation in biological media, and an ideal ability to enter cells without transfection agents. These advantages make it a good tool for detecting the NA in live cells (Zhou et al., 2021; Li G et al., 2022a; Li G et al., 2022b). Li et al. (2019) assembled a DNA tetrahedral structure using oligonucleotides to protect the DNAzyme and fluorescent probe. To prevent the uncontrollability of the DNAzyme, the author designed a unique structure to lock its activity, with specific miRNA as the “key” to activating the DNAzyme. The DNAzyme can obtain the dissociated fluorescent signal by separating out the fluorescence-quenched structure, thus achieving the purpose of fluorescence detection. This detection method, compared with its nonamplification molecular beacon counterpart, exhibited at least 10 times higher detection sensitivity (the limit of detection is 16 p.m.) and was able to distinguish miRNA targets from corresponding family members. Of course, the structures can not only detect the miRNA, but are also applied in NA detection, especially short fragment NA. Non-amplification makes NA detection convenient and speedy, and with its shortcomings addressed by some of the above work, is an important part of the development of POCT technology.
In summary, non-amplification NA detection still has huge difficulties, especially for samples with low levels of NA, but it has advantages for direct detection in complex samples. Therefore, it is important to select appropriate detection methods for POCT products, given the method has an important relationship with the samples tested. When developing new POCT products, it is essential to consider the object for detection.
DATA DISPLAY
In this section, we only discuss the forms of data presentation, and not how the data is processed. The data display has very little to do with the nanomaterial, but it is an integral part of POCT, especially in terms of the user experience. Currently, the personal computer (PC) and built-in touch screen are the two main forms for presenting data visualization, but their disadvantages cannot be ignored. For example, the PC is an expensive and bulky device compared with some POCT products, which is bad news for users. The built-in touch screen solves the problem of needing the supplementary PC, but the use of screens in POCT devices, while on the one hand increasing the instrument’s size, on the other offers a poor user experience.
Given its popularity, the smartphone is a good choice as a tool for data display. Its characteristics, such as simplicity, affordability and user-friendliness, makes it acceptable to the public. Meanwhile, three data transmission modes, wired, wireless, and Bluetooth, can meet user needs in different situations. Furthermore, smartphones are widely used as detector and analysis devices (Pujari 2021; Pujari et al., 2021; Zhang Z et al., 2022), due to their built-in high-definition cameras. Li Y et al. (2021) built a novel optical detection system for use with a smartphone. Fluorescent images are taken from the camera of a smartphone, and the application is driven by an Android smartphone to analyze the fluorescent signal, and ultimately obtain detection results. The specific detection process and results are shown in Figure 7. Liu S et al. (2022) did the same thing, choosing SYTO9 as a fluorescence reagent to stain the amplification product, which was then observed and analyzed by smartphone. Their result was exciting, and the limit of detection for pathogenic bacteria was 6 copies/mL in the green channel, with the whole process carried out under a constant temperature. Powerful smartphones have brought benefits to productivity, and the lives of people in all aspects, and provide a new idea for the development of POCT. The strong fluorescence of nanomaterials (Li et al., 2018; Mei et al., 2021; Ye et al., 2021) means they can be accurately captured by smartphones, which might create a trend in POCT development in the future.
[image: Figure 7]FIGURE 7 | (A) Flow chart of the amplification-free smartphone-based detecting technique. (B) Portable fluorescence nucleic acid detector. (C) Captured FoVs corresponding to different virus concentration. White bar represents 1 μm. Copyright 2021 Elsevier B.V.
However, in order to obtain accurate test results, an adequate fluorescence signal and sensitive detection are indispensable. It is also worth noting the smartphone is not professional camera equipment, and can experience data loss or sensitivity decrease, and should thus be treated with caution when used as a detector.
DISCUSSION AND CONCLUSION
Nanomaterials have attracted increased attention due to their unique physical and chemical properties, generating considerable interest in many fields, including biotechnology, catalysis, electronics, optics, and drug-loading (Liu et al., 2020; Gong L et al., 2021; Zhang M et al., 2021; Choi et al., 2022; Gao et al., 2022; Pang et al., 2022). In this review, we focused on the area of NA detection in POCT devices. There is no doubt that the high efficiency and accuracy of NA detection can greatly improve the performance of POCT devices. It is thus important to obtain high quality NA and highly sensitive identification processes. Nanomaterials play a crucial role in NA detection, with detection results showing high performance in terms of sensitivity and selectivity. A lot of the literature reveals that modified nanomaterials not only improve detection capability (about 10–1000 fold compared to routine PCR), but also address the complexity of the sample (Chen et al., 2020; Fang et al., 2021; Liu et al., 2021; Zhang C et al., 2022), such as in the detection of Salmonella Typhimurium in complex food environments using a novel fluorescent platform of DNA-stabilized silver nanoclusters. The authors assessed the effectiveness of the main method in terms of sensitivity, specificity, and detection rate in complex samples and their results showed that the detection rate had a linear concentration range of Salmonella Typhimurium from 4.6×102 to 4.6 × 107 CFU/ml, with the limit of detection reaching 6.6 × 102 CFU/ml in food samples (Yang et al., 2021). When novel nanomaterials are applied in NA detection, the detection limit for biomolecules is one of the key parameters in evaluating the feasibility of the assay. Hence researchers want to improve the sensitivity of detection by combining the specificity and versatility of NA with the intrinsic properties of nanomaterials. In summary, the design of nanomaterials has become a primary research goal in the biomedical field. With advancements in the artificial intelligence age, new smart technologies have an indispensable place in POCT devices. Sow et al. (2020) summarized the advantages of using smart materials in different work stages of POCT devices, but the challenge presented by high signal-to-noise ratio and accurate detection of analytes in the POCT platform still exists. In general, the main means of promoting the POCT industry in the future will be to use the characteristics of the nanomaterials combined with suitable detection methods.
At the same time, the limitations of the use of nanomaterials also attracts the attention of researchers. Toxicity, stability, and biocompatibility are major problems hindering in vivo application, and when it comes to in vitro testing, stability is the primary consideration (Ahmed et al., 2021; Jobdeedamrong et al., 2021; Li Y et al., 2021; Zhang Q et al., 2021). No matter how well designed, the deviation in repeated experiment results is too large, which leads to the greatly reduced reliability of such experimental results. Agglomeration of nanoparticles is another main factor that may affect their stability (Magesa et al., 2020; Sun et al., 2021; Diephuis et al., 2022). These properties are nevertheless beneficial in many fields, such as vascular tissue engineering (Rahimnejad et al., 2021). In terms of NA detection, aggregation will affect the efficiency of extraction and detection, and cause the failure of the POCT device. Moreover, the environmental pollution caused by the degradation-resistant nanomaterials should not be ignored, for as the food chain circulates, it accumulates, and eventually enters the body and harms human health. Therefore, easily degradable, non-toxic, and highly stable nanomaterials are the focus for researchers, and the key factors driving the sustainable development of the field.
Application of nanomaterials in POCT devices has become a hot topic for research in recent years, owing in part to the impact of COVID-19, which further stimulated POCT device development. POCT devices represent the future trend in the field of molecular diagnosis, given there is no need for a fixed testing site, as reagents and instruments are portable and can be operated in a timely manner. A problem was posed: i.e., the need to ensure that requirements for speed, quality, and cost all are met in COVID-19 detection (Ding et al., 2020). Beach et al. (2021) thought that POCT could become a key diagnostic tool for health-care providers carrying out COVID-19 rapid-testing, and they identified what needed attention when using POCT devices for detection, such as an established quality assurance framework and the evaluation of clinical performance. While POCT devices have many advantages as a detection tool, they are still a long way from reaching the diagnostic market and being widely used. Therefore, according to the WHO-defined ASSURED criteria, integrating appropriate detection methods to be applied in different fields will shape the direction of our efforts.
Operable paper-based POCT devices have advantages, such as self-driven flow, high surface to volume ratio, and superb biocompatibility. Researchers have thus intensively studied these, and some have produced products that have become commercialized (Liu et al., 2021). For example, Jia et al. (2021) commented on applications of a paper-based POCT device, putting forward reagent storage and sample preparation as the key research directions for the device, in the hope it would have high accuracy while basically meeting WHO’s ASSURED criteria through the endeavors of academia and industry.
Overall, we mainly introduced herein the application of POCT devices to NA testing. The detection aspect is crucial in POCT devices, owing to the development of detection technology closely related to obtaining high quality data. Of course, the other two aspects, loading sampling and data display, cannot be ignored either. Nanomaterials have been widely used in POCT devices, so we have summarized their advantages and use in various parts of these devices, so that researchers might learn about the latest developments in relation to NA detection. However, POCT devices still have their challenges, including low accuracy of detection, the requirement for specialized reagents, and lack of a uniform evaluation system. Of note, in NA detection, fully enclosed detection can reduce the hazards of nucleic acid aerosols, and hence increase the credibility of the result. Some POCT devices associated with NA detection are only a simple combination of a nucleic acid extraction instrument and detector. Strictly speaking, they do not belong to the category of POCT devices. Therefore, developing uniform industry standards is a priority. Second, improving the accuracy and sensitivity of POCT devices will be the future developmental trend, while the use of nanomaterials will be the intrinsic driving force promoting the development of POCT devices. The review we have presented here will be helpful to researchers in promoting POCT products, and will also provide new ideas for creating better healthcare systems for current and future types of disease detection.
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MicroRNAs (miRNAs) are a class of short, single-stranded, noncoding RNAs, with a length of about 18–22 nucleotides. Extracellular vesicles (EVs) are derived from cells and play a vital role in the development of diseases and can be used as biomarkers for liquid biopsy, as they are the carriers of miRNA. Existing studies have found that most of the functions of miRNA are mainly realized through intercellular transmission of EVs, which can protect and sort miRNAs. Meanwhile, detection sensitivity and specificity of EV-derived miRNA are higher than those of conventional serum biomarkers. In recent years, EVs have been expected to become a new marker for liquid biopsy. This review summarizes recent progress in several aspects of EVs, including sorting mechanisms, diagnostic value, and technology for isolation of EVs and detection of EV-derived miRNAs. In addition, the study reviews challenges and future research avenues in the field of EVs, providing a basis for the application of EV-derived miRNAs as a disease marker to be used in clinical diagnosis and even for the development of point-of-care testing (POCT) platforms.
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1 INTRODUCTION
Extracellular vesicles (EVs) are membrane-enclosed entities shed by majority of cells. EVs range in size, from 50 nm to 2 μm, and are abundant in almost all human body fluids. EVs are enriched with bioactive components such as protein, nucleic acid, and lipids. The enriched EVs and their content can specifically relate to the onset and prognosis of a plethora of diseases (Joyce et al., 2016; Bebelman et al., 2018; Momen-Heravi et al., 2018). EVs can also be used as a tumor detection marker for tumor (Xie et al., 2020a). MicroRNAs (miRNAs) are a class of short noncoding RNAs with a length of about 18–22 nucleotides that are widely produced by all eukaryotic cells (Friedman et al., 2009; Cortez et al., 2011). A large number of these miRNAs exist in body fluids, including plasma (Mitchell et al., 2008), urine (Bandini, 2021), saliva (Kamal et al., 2020), bronchoalveolar lavage fluid (Groot and Lee, 2020), amniotic fluid (Keller et al., 2011), and semen (Ruiz-Plazas et al., 2021). Circulating miRNAs are stable in body fluids and can be protected by binding to argonaute (AGO) proteins, high-density lipoprotein (HDL), and/or encapsulated in EVs (Wagner et al., 2013; Qu et al., 2016; Groot and Lee, 2020). The microRNA can control protein expression by binding to mRNA (Song et al., 2018; Gui et al., 2021; Ferri et al., 2022). The EVs from diseased sources have been proven to have unique miRNA expression profiles. In addition, specific miRNA expression characteristics not only reflect the presence of diseases at early stages but can also reflect the dynamic development of diseases at late stages, as well as diseases prognosis and drug resistance (Hu et al., 2010). With maturity of miRNA from EV research, miRNA is gradually employed for clinical diagnosis. For instance, about seven kinds of miRNA detection kits are available for diagnosing early-stage hepatocellular carcinoma (HCC) based on a plasma miRNA panel found by the Jia Fan group. Similarly, pancreatic cancer miRNA-25 detection kits have also obtained China Food and Drug Administration (CFDA) approval (Zhou et al., 2011). Herein, we mainly introduce EV-derived miRNA sorting mechanisms, diagnostic value, isolation, and detection technology (Figure 1).
[image: Figure 1]FIGURE 1 | Brief overview of EV-derived miRNA sorting mechanisms, diagnostic value, isolation, and detection technology (created with BioRender.com).
2 MECHANISMS FOR MICRORNA SORTING IN EXTRACELLULAR VESICLES
Most prokaryotic and eukaryotic cells rain EVs. EVs can be divided into three types on the basis of their biogenesis (Figure 2). Exosomes, with a diameter of about 30–150 nm, originate in the multivesicular body (MVB) of endosomes, which subsequently migrate to the plasma membrane and fuse, causing exosomes to be released into the extracellular space. Microvesicles of about 100–1,000 nm diameter are formed from direct outward germination of the plasma membrane. Apoptotic bodies with a 50 nm–2 μm diameter are formed from cell apoptosis (Cocucci and Meldolesi, 2015; Thery et al., 2018; Gurunathan et al., 2019; Yuan and Li, 2019; Kalluri and LeBleu, 2020). They contain different types of biomolecules, including proteins, lipids, and nucleic acids. These substances can be protected by the EV membrane structure and thus transported to distant cells (Yanez-Mo et al., 2015; Jan et al., 2019; Mathieu et al., 2019). EVs have been shown to have multiple biological functions, including immune response, antigen presentation, and intracellular communication (Lasser et al., 2011; Tomasetti et al., 2017; Mathieu et al., 2019). EVs are enriched with noncoding RNAs, including miRNAs, tRNA, rRNA, mitochondrial RNA, circular RNA (circRNA), and long noncoding RNA (lncRNA) (Michaela and Aigner, 2021; Yu et al., 2022). Extracellular miRNA mainly exists in the EVs (Zhang et al., 2015), and although the detailed mechanisms by which the miRNAs are packaged into the EVs are largely unknown, they are thought to be selectively classified into the EVs (Turchinovich et al., 2013; O'Brien et al., 2020; Makarova et al., 2021). Both miRNA and pre-miRNA can be secreted into exosomes and microvesicles in protein-bound and protein-free forms. Exosomal miRNAs are secreted by various pathways, including sequence-dependent or sequence-independent classification of miRNAs into MVB. Usually, the miRNA begins in the nucleus and is processed by enzymes (Figure 3) and transported to the outside of the cell through exosomes (Lee et al., 2012; Sun et al., 2018; Yue et al., 2020). Various studies have shown that there is more than one mechanism for miRNA sorting (Montecalvo et al., 2012; Kosaka et al., 2013; Tran, 2016). For example, Kosaka et al. (2013) demonstrated that neurilemphospholipase 2 (nSMase2) can regulate the secretion of exosome miRNA and promote angiogenesis and metastasis in the tumor microenvironment. Montecalvo et al. (2012) demonstrated that dendritic cells (DC cells) release exosomes with different miRNAs according to degree of maturity, and they found that exosomes release miRNAs into the cytoplasm after fusion with target DC cells. MiRNAs derived from EVs perform different functions in different target cells, such as miR-21, which is associated with senescent fibrosis of the kidneys (Liu et al., 2020) and is also highly expressed in breast cancer cells (Lee et al., 2019). Therefore, more research is still needed to reveal the generation mechanism and biological impact of EV-derived miRNAs.
[image: Figure 2]FIGURE 2 | Diagrammatic overview of the three types of extracellular vesicles biogenesis including exosomes biogenesis, microvesicles biogenesis, and apoptotic bodies biogenesis. Reprinted with permission from Gurunathan et al. (2019).
[image: Figure 3]FIGURE 3 | sorting mechanism for exosomal miRNAs. MiRNA originates in nucleus and enzymatically processed to form mature miRNA that are loaded into the MVBs through endosomal sorting complex required to transport ESCRT-dependent or ESCRT-independent pathways. MVBs of endosomes migrate to the plasma membrane and fuse, causing exosome and exosomal cargoes to be released into the extracellular space and delivered to target cells. Reprinted with permission from Yue et al. (2020).
3 DIAGNOSTIC VALUE OF EXTRACELLULAR VESICLE-DERIVED MICRORNA IN DISEASES
MiRNA is correlated with the occurrence and development of many diseases (Peng et al., 2020), including tumor, neurological diseases, cardiovascular diseases, and many other diseases. The EV-derived miRNAs have many unique advantages as biomarkers (Schwarzenbach, 2017; Sanz-Rubio et al., 2018). First, the expression profile of EV-derived miRNA is similar to that of cells from which it originates (Chaput and Thery, 2011). MiRNAs are transported to recipient cells through EVs to achieve regulatory functions (Skog et al., 2008). Second, many EVs exist in various biological body fluids, which is convenient for sampling and screening diseases (Cai et al., 2015). Third, the EV lipid membranes protect miRNA from degradation and remain stable in body fluids (Yu et al., 2021). Moreover, EV-derived miRNA is considered highly sensitive and specific diagnostic tools for numerous diseases (Jin et al., 2017).
3.1 Extracellular vesicle-derived microRNA in tumor
The ability of tumor to proliferate and metastasize is related to the intercellular communication mediating in tumor microenvironment (TME) (Chiarugi and Cirri, 2016; Tian et al., 2019; Tan et al., 2020). The EVs secreted by cancer cells can mediate intercellular communication and are mediators of key signals in TME, playing an essential role in realizing intercellular material transport and information transmission in TME (Bao et al., 2018; Harmati et al., 2019; Xie et al., 2020b; Yekula et al., 2020). The EVs derived from tumor cells can participate in the proliferation and migration of tumor cells by activating a variety of signaling pathways, changing the physiological state of target cells and affecting the tumor microenvironment (Qu et al., 2020). MiRNA encapsulated in EVs can also enhance tumor invasiveness and metastasis (Mao et al., 2018a; Bao et al., 2018; Ludwig et al., 2020).
In a variety of tumor diseases, such as bladder cancer (Piao et al., 2021), ovarian cancer (Taylor and Gercel-Taylor, 2008), non-small-cell lung cancer (Wu and Shen, 2020), breast cancer (Volovat et al., 2020), prostate cancer (Sobhani et al., 2020), pancreatic cancer (Savareh et al., 2020), and gastric cancer (Cheng et al., 2020), the levels of miRNA in the EVs obtained from plasma of tumor patients were significantly higher than those of healthy controls. Certain disease-related miRNAs are selectively incorporated into the EVs, with significant differences in the miRNAs content compared to cells (Baglio et al., 2015). miRNA-224 enclosed in EVs is the diagnostic and prognostic marker for hepatocellular carcinoma (Cui et al., 2019). Zhou et al. (2017) identified six miRNAs (miR-19b-3p, miR-21-5p, miR-221-3p, miR-584-5p, miR-425-5p, and miR-409-3p) differentially expressed in exosomes from patients’ plasma with lung adenocarcinoma, which can distinguish patients with lung adenocarcinoma from healthy individuals. Jin et al. (2017) found that the expression of let-7b-5p and miR-486-5p in EVs could distinguish between non-small-cell lung cancer (NSCLC) patients and healthy individuals rather than in the supernatant without EVs. These studies have shown that the use of EV-derived miRNAs in serum as biomarkers has exceptional high stability and specificity (Moloudizargari et al., 2021) and can be used for the early detection, prognosis, and monitoring of cancer.
3.2 Extracellular vesicle-derived microRNAs in cardiovascular disease
EV-derived miRNA plays an important role in the occurrence and progression of cardiovascular diseases (Hergenreider et al., 2012; Murugesan et al., 2021; Zhang and Huang, 2021), such as atherosclerosis, acute coronary syndrome, heart failure (HF), myocardial ischemia-reperfusion injury, and pulmonary hypertension (Matkovich et al., 2009; Tian et al., 2017; Kalayinia et al., 2021; Zheng et al., 2021). Ren et al. (2020) found that the EVs from adventitial fibroblasts (AFs) regulate vascular smooth muscle cell (VSMC) proliferation by transporting miR55-5P and angiotensin converting enzyme (ACE), which plays a vital role in vascular remodeling.
EV-derived miRNA-30 members are key modulators of complex biological processes in a variety of cardiovascular diseases, including ischemic heart disease, heart failure, hypertension, and arrhythmias. They are attractive diagnostic and prognostic biomarkers in the cardiovascular field (Mao et al., 2018b). Studies have shown that the EV-derived miRNA (miR-17-5p, miR-126-5p, and miR-145-3p) can be of diagnostic value for acute myocardial infarction (AMI), and a combination of three miRNAs can improve the area under curve (AUC) and receiver operating characteristic curve (ROC) values, providing higher accuracy in the diagnosis of AMI (Xue et al., 2019; Mir et al., 2021).
3.3 Extracellular vesicle-derived microRNAs in nervous system diseases
At present, the pathogenesis of inflammatory diseases of the central nervous system [including neurodegenerative diseases (Ruan et al., 2021; Xiao et al., 2021)] and autoimmune diseases (Xu et al., 2022) has not been completely clarified, but more and more studies have begun to focus on the role of EVs in autoimmune diseases and research on treatment of EVs (Guo et al., 2019; Chu et al., 2020; Dar et al., 2021; Saeedi et al., 2021; Xia et al., 2021). Studies have found that multiple miRNAs are involved in neuroinflammation and neurological diseases, such as Parkinson’s disease (Xie et al., 2020c), Alzheimer’s disease (AD) (Dong et al., 2021), amyotrophic lateral sclerosis (Liu et al., 2022), and depression (Trotta et al., 2018; Chen and Wang, 2021). The blood–brain barrier (BBB) is the barrier between plasma and brain tissue, which can prevent harmful substances from entering the brain tissue from blood (He et al., 2018). The EVs act as transporters for miRNAs that cross the endothelial layer of the BBB, facilitating communication through biological fluids between the brain and distant organs (Montecalvo et al., 2013; Xia et al., 2021). Neurons and neurological cells release EVs, and their cargo can function in cellular communication and neuroinflammation by delivering mRNAs, miRNAs, and proteins (Gupta and Pulliam, 2014; Pegtel et al., 2014; Markoutsa et al., 2022). The EVs have been identified as a potential cell-to-cell carrier of misfolded proteins associated with neurodegenerative diseases in the central nervous system in most neurodegenerative diseases, and Aβ peptide, viral protein, alpha synuclein, tau, and superoxide dismutase (SOD) pathogenic aggregates are released from cells as exosomes (Saman et al., 2012; Schneider and Simons, 2013). These proteins form aggregates (amyloid and ion-like proteins) that escape normal degradation mechanisms. Cerebrospinal fluid (CSF) reflects physiological and pathological changes in the brain and is the best indicator for most central nervous system diseases, but sampling difficulties are unsuitable for disease screening. Compared with CSF, blood is easier to obtain, thus avoiding the invasive process of sample collection, and it is more suitable as a screening marker for neurological diseases. Moreover, Cheng et al. (2015) performed an unbiased next-generation sequencing (NGS) analysis of serum EV-derived miRNAs, identifying an AD-specific 16-miRNA signature that differ between healthy and AD patients, and used a random forest model to predict clinical classification with 87% sensitivity and 77% specificity (Lv et al., 2013).
3.4 Extracellular vesicle-derived microRNAs in kidney diseases
Recent studies have shown that the EV-miRNAs play an important role in kidney diseases and can also be a valuable biomarker for diagnosis. It was found that miR-29c in EVs can be related to renal function, and there are differences in the expression of EVs-miR-29c in patients with varying degrees of renal fibrosis (Lv et al., 2013). Similarly, miR-200b in nonproximal tubulo-derived urinary exosomes is expressed differently in normal people and patients with renal fibrosis, which can be used as a biomarker for renal fibrosis and can replace traditional invasive renal biopsy for diagnosis of renal fibrosis (Yu et al., 2018). It has been validated by sequencing and qPCR of EV-derived miRNAs that significant differences exist in the expression of miR-215-5p, miR-378i, miR-365b-3p, and miR-135b-5p in the urinary exosomes of immunoglobulin A nephropathy patients and healthy controls (Min et al., 2017). MiR-18a-5p was highly expressed in the acute phase of injury, and miR-132-3p was upregulated during the transition between acute and fibrotic injury; miR-146b-5p is highly expressed in the high fibrosis phase (Pellegrini et al., 2015). These studies suggest that miRNA has the potential to act as markers for kidney disease.
3.5 Extracellular vesicles-derived microRNAs in liver diseases
EVs can be produced by all types of cells in the liver, are involved in transmitting information between liver cells, and the EVs produced by liver cells are loaded with miRNAs that can be used in diagnosing liver-related diseases. Another research group verified by a mouse model of alcoholic hepatitis that miR-192, miR-122, miR-30a, miR-744, miR-1246, miR-30b, and miR-130a were elevated in alcohol-fed mice. Further testing was then carried out in human patients yielding results consistent with animal models showing that the EV-miRNAs are potential biomarkers of alcoholic hepatitis (Momen-Heravi et al., 2015). Elevated levels of miR-122 and miR-192 in EVs were found in models of nonalcoholic fatty liver mice, which could be used as a promising diagnostic marker (Newman et al., 2022). Another group found that higher expression of miR-19a in exosomes was also observed in serum from hepatocytes and patients with chronic hepatitis C virus (HCV) fibrosis infected with HCV compared with healthy volunteers and patients with non-HCV-associated liver disease (Devhare et al., 2017). These studies help us understand the role of EV-miRNAs in the development of liver disease.
4 ADVANCES IN ISOLATION TECHNOLOGY OF MICRORNAS IN EXTRACELLULAR VESICLES
There are many miRNA binding to free proteins in that body fluid environment; therefore, for detection of EV-derived miRNAs, it is necessary to isolate the EVs first and then use TRIzol and other methods to isolate and purify EV-derived miRNAs (Hu et al., 2018; Yang et al., 2018). These steps take much time, and it is imperative to realize the timely detection of miRNA. Herein, we first introduce the purification technology for EV and then discuss the miRNA purification technology.
4.1 Progress of extracellular vesicle isolation and purification technology
The isolation method for EVs is very important for subsequent analysis of EV miRNA. Currently, there are many isolation methods for EVs. However, ultracentrifugation (UC), density gradient centrifugation (DGC), size exclusion chromatography (SEC), co-precipitation, and immunoaffinity enrichment are the most widely used methods. The summary of the contemporary methods for EV isolation is as follows.
4.1.1 Ultracentrifugation
A differential ultracentrifugation method was proposed by Dr. Thery in France for the separation of EVs based on physical and chemical properties of EVs (Thery et al., 2006). It is considered a classical (Momen-Heravi, 2017) and gold standard EV isolation method (Royo et al., 2020). Most researchers isolate EVs by UC (Gardiner et al., 2016). The differential ultracentrifugation method is mainly used to separate the EVs from other components by continuously increasing centrifugal force on samples and removing cells and cell fragments. Many studies have proved its reliability. The usually used ultracentrifugation speed is 110,000 g for centrifugal force to centrifuge the sample twice for 70 min and finally blow and mix into the buffer (Lobb et al., 2015). Although EV researchers have widely used differential ultracentrifugation, it still has many drawbacks. First, this method requires expensive instruments. Second, centrifugation can easily lead to EV aggregation and will be mixed with non-EV impurities, such as protein polymers and viruses. Especially in sticky body fluids such as plasma, there are more impurities. Third, the high-speed process of ultracentrifugation will cause damage to EVs to a certain extent, and the longtime of ultracentrifugation may lead to EV morphological changes (Issman et al., 2013). The EVs extracted by UC have high purity and are conducive to downstream detection, but due to limitations of current instrumentation and extraction efficiency, it is difficult to use the separation of large number of clinical specimens’ samples, which is mainly used for researchers’ research. Density gradient centrifugation (DGC) and UC have similar principles in isolating the EVs; DGC can maintain the integrity of EVs, but it still has the corresponding disadvantages of UC, whereas the DGC is to form a specific density gradient medium in a centrifuge tube. At present, sucrose and iodoxanol are commonly used, and the density of medium increases from top to bottom. Under a certain centrifugal force, the smaller the density, the higher the distribution. Finally, the particles of different densities will stagnate in the corresponding iso density area. Density gradient centrifugation has a higher resolution and is often used to separate EVs with higher purity (Ashley et al., 2018). Some HDLs can still be co-separated, although density gradient centrifugation has a higher purity for EVs than ultrafast centrifugation (Yuana et al., 2014; Greening et al., 2015). DGC can isolate higher purity EVs, but it introduces exogenous components and has the same disadvantages as UC, which is not conducive for extraction of large clinical samples and detection of miRNAs.
4.1.2 Size exclusion chromatography
The SEC separation method is based on the particle size. Each molecule can pass through the hole in the polymer bead according to its size on a chromatographic column with a special pore size matrix. Molecules with smaller radius can enter the hole, and the elution speed is slow. Molecules with larger radii cannot enter the hole and move through the column more quickly. Most of the EVs can be eluted before soluble components (Boing et al., 2014). The size of interception aperture depends on the choice of the exclusion matrix. For example, with an aperture of about 60 nm for agarose 2B, SEC can remove 99% of soluble plasma proteins and > 95% of HDL without causing EV aggregation, preserving its integrity and biological activity (Boing et al., 2014). Plasma proteins are difficult to remove by differential ultracentrifugation or precipitators, which is simpler and less time-consuming than density gradient centrifugation. However, the SEC removes most of the overabundant soluble plasma proteins (Monguio-Tortajada et al., 2019). Moreover, some non-EV components mainly particles above the interceptor aperture, including viruses, protein polymers, and some large proteins such as chylomicrons, are also separated together. Koh et al. (2018) used ultracentrifugation and SEC to enrich the EVs from the plasma for clinical application. Guo et al. (2021) established a simplified dichotomic SEC method that only requires two bulk elutions to get the EVs in the Eluate 1 and proteins in the Eluate 2. This dichotomic SEC has fascinating potential for EV preparation for clinical testing and/or basic research (Figure 4).
[image: Figure 4]FIGURE 4 | SEC-based EV isolation workflow and the underlying principle. In this study, CL-6B was demonstrated to be the best one from three Sepharose CL resins with the bed volume of 20 ml, and two bulk elution steps were sufficient for isolation of EVs. Reprinted with permission from Guo et al. (2021).
4.1.3 Ultrafiltration
The ultrafiltration method is simple and efficient and does not affect the biological activity of EVs (Taylor and Shah, 2015). This size-based separation method involves the use of a membrane filter with a specific pore size, such as a membrane filter with a typical pore size of 0.22 µm to collect EVs from the filtrate. For the sample to pass through the filter, negative pressure or centrifugal force is usually used as pressure. Ultrafiltration has a short time and a high recovery rate, effectively concentrating the EVs in large samples such as the culture medium (Haraszti et al., 2018). We have made a small extraction and filtration device for rapid extraction of EVs (Li et al., 2019). First, negative pressure was applied to remove large membrane fragments through a filter membrane with a pore size of 600 nm, and then the filtrate was used to remove small impurities through a filter membrane with a pore size of 20 nm. Chen et al. (2021) proposed a new ultrafiltration strategy: the exosome detection method via an ultrafast isolation system (EXODUS), which introduced dual coupled harmonic oscillations into a dual-membrane filter configuration to generate s-waves. The inhibition of the scaling effect improved the treatment speed, yield, and purity and helped achieving nonblocking and ultrafast purification of EVs. Ultrafiltration and a high recovery rate can effectively concentrate EVs in large volume samples. However, this method requires complex equipment and is not easy to be popularized. Ultrafiltration only separates the EVs by size and lacks specificity; therefore, it cannot remove many impurities with similar particle sizes to EVs. When passing through the filter membrane, the EVs are stocked on the filter membrane, resulting in an inevitable loss.
4.1.4 Co-precipitation
Recently, the polymer co-precipitation method, which changes the solubility of exosomes and precipitates them (Rider et al., 2016), has attracted many researchers’ attention for its simple and rapid use. Commercial kits based on polymer co-precipitation (e.g., ExoQuick and total exosome isolation) have been developed for EV extraction and isolation. Once the reagents are introduced, the solubility of EVs is significantly reduced and easily precipitated. Under the action of low centrifugal force, the precipitated EVs can be easily separated, thus avoiding the time-consuming centrifugal operation. The precipitation method can save more time, and the concentration of exosomes is 2.5-fold higher than ultracentrifugation (Coughlan et al., 2020). The total exosome isolation kit is commonly used for serum EV separation as an example. After mixing 30 μl of precipitant with 100 μl of serum sample, the sample is incubated at 4°C for 30 min and centrifuged at 10,000 g for 5 min to precipitate EVs. However, this method is not conducive to large-scale clinical application and may co-precipitate many organelle-related proteins, such as endoplasmic reticulum and lysosome, which is not conducive to a downstream analysis (Li et al., 2021). In addition, as additional components need to be added to the sample during extraction, the collected EVs cannot be directly used for subsequent cell culture or transport, limiting the application of EVs. The EVs is isolated by co-precipitation and will be mixed with protein impurities and require centrifuges. The method is not conducive to extraction of a large number of clinical specimens and miRNA detection.
4.1.5 Immunoaffinity enrichment
The specificity and simplicity of immunoaffinity capture is an attractive method. To enrich EVs, antibodies specific to EV specific markers, such as CD9, CD63, CD81, epidermal growth factor receptor (EGFR), and epithelial cell adhesion molecule (EpCAM), are fixed on the surface of various vectors, such as an ELISA plate, and a magnetic bead or chip (Choi et al., 2021). Taking the exosome CD63 isolation kit (Life Technologies) as an example, the magnetic beads coated with anti-CD63 monoclonal antibodies are mixed with the sample and then incubated at 2–8°C for 18–22 h. After magnetic separation, the magnetic beads are cleaned with a washing buffer to remove the impurities, and the magnetic beads enriched with EVs could be directly used for flow cytometry detection (Oksvold et al., 2015). The immunoaffinity capture method can isolate specific subgroups of EVs, obtain high purity EVs, and have many advantages, such as simple operation. However, the incubation time between magnetic beads and samples is more extended, usually taking hours or even overnight. In addition, due to the strong affinity of antigen–antibody binding, it is challenging to separate immune magnetic beads from the EVs, which is not conducive to a subsequent functional analysis. Moreover, this method can only extract the EVs subgroup from the corresponding antigen, which is accompanied by the risk of bias. In combination with other labeling methods, such as fluorescent labeling, it can be used for the detection of EVs. It is an isolation method that is expected to be used for clinical applications. However, this method can only specifically enrich the EVs corresponding high antigen expression, which may cause the loss of EV-related miRNA information.
4.1.6 Field flow fractionation
Field flow fractionation (FFF) is a kind of technology that can separate and characterize different size particles. Unlike size exclusion chromatography, FFF separation is performed in a single phase. The samples flow in the FFF channel in a parabolic form. Particles have the highest velocity in the center, and velocity decreases as they get closer to the channel wall. Zhang and Lyden (2019) successfully isolated EVs of different sizes from cell supernatant using the asymmetric flow field flow separation (AF4) technique. The particles in the sample first gather to one side of the channel under the action of an external field. The particles will remain at different distances from the tube wall due to their size, and smaller particles farther from the side wall flow faster and are thus eluded earlier than larger particles. This way, the EVs of different sizes can be obtained at specific periods. The sample preparation process of the asymmetric flow–flow separation method is cumbersome, resulting in low flux. The high initial sample concentration requirement and time-consuming operation also limit its wide application. This method has less damage to EVs and can sort out the EVs of different particle sizes. Some proteins of the same particle size may be adulterated. In studying EVs of different size, it has a potential application value.
4.1.7 Acoustic-based isolation method
Acoustic waves have high precision and biocompatibility in processing cells and other biological particles and can be used in combination with microfluidic technology for EV separation (Lee et al., 2015b). The acoustic-based microfluidics EV separation method typically uses ultrasonic waves to apply to particles in a sample (Huang et al., 2021). Under sound pressure, the particles are separated according to their physical properties, such as size and density, under different forces (Iliescu et al., 2019; Hassanpour Tamrin et al., 2021). Ku et al. (2018) captured the EVs by scattering between the microparticles in the resonance cavity and EVs by an ultrasonic wave. The integrated acoustic device is capable of fast operation, label-less, contactless, and continuous separation of EVs. Researchers also developed an integrated acoustic device that can directly separate the EVs from blood samples (Wu et al., 2017). The device combines acoustic wave and microfluidic technology into two separate modules. The first module can remove substances larger than 1 µm in diameter, such as cells, and the second module can separate larger microvesicles and apoptotic bodies from exosomes. By adjusting the input power and flow rate, the interception size of the two separation modules can be adjusted to flexibly adjust the obtained particle size, and the application range is more expansive. Tayebi et al. (2021) demonstrated a method for sorting the exosomes (<200 nm) and microvesicles (>300 nm) using both electrical and acoustic forces, with EV purification resulting in more than 95% purity and 81% recovery (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic illustrates the working mechanism of the system. Left image shows that particles of different sizes are subjected to different forces in the acoustic and electric fields, causing the separation of particles of different sizes. The right one is the schematic diagram of PDMS microchannel device and the side view of electric and acoustic field around the electrodes (Tayebi et al., 2021).
4.1.8 Metallic oxide-based isolation method
Titanium dioxide (TiO2) can combine with phosphorylated amino acid residues including serine, tyrosine, and threonine (Liu et al., 2015). Under acidic conditions, the surface of the TiO2 beads is cationic and specifically binds to the phosphate groups on phosphorylated modified peptide fragments. TiO2 materials have been extensively studied in the research field of phosphorylated proteins (Mancera-Arteu et al., 2020). Gao et al., 2019a reported a strategy to isolate serum exosome based on TiO2 microspheres. They compare serum exosome proteins from pancreatic cancer patients and healthy donors, identifying 59 significantly upregulated proteins (Gao et al., 2019a). Researchers also achieved the rapid enrichment of EVs from the serum using TiO2 magnetic beads to further recognize the EVs expressing PD-L1, supporting the TiO2 good ability for enriching EVs (Peng et al., 2020). Xiang et al., 2021 combined ultrafiltration and TiO2 to enrich EVs from many urine samples and conducted liquid chromatography–mass spectrometry (LC–MS) to identify proteins (Xiang et al., 2021). Dao et al. (2022) synthesized chimeric nanocomposites of lactoferrin conjugated 2,2-bis (methylol) propionic acid dendrimer-modified magnetic nanoparticles (LF-bis-MPA-MNPs) to isolate the EVs by electrostatic interaction, physical absorption, and biorecognition. The mechanism of EV isolation by LF-bis-MPA-MNPs is shown in Figure 6. The metallic oxide-based isolation method has many significant advantages for EV separation. First, the high affinity makes the incubation time concise. Second, the EVs can be separated by magnetic separation only after combining with magnetic beads. The EVs have a high recovery rate and easy operation and do not require many samples to meet downstream analysis requirements. It is expected to be used in POCT for EVs in the future by combining with other detection methods.
[image: Figure 6]FIGURE 6 | Diagrammatic elucidation of EV isolation by LF-bis-MPA-MNPs. (A) LF-bis-MPA-MNPs mediated EV isolation from cell culture media (CCM) and human urine. (B) Elucidation of LF-bis-MPA-MNPs synthesis and modification principal. Reprinted with permission from Dao et al. (2022).
4.1.9 Absorbent polymer-based method
Super absorbent polymer (SAP) is a hydrogel with strong water absorption ability. There is a particular size space where relatively small molecules will be sucked into with water, while the EVs and other large size particles are excluded for concentration and purification. Some researchers developed a method to concentrate the EVs by SAP beads and successfully enriched the EVs from culture medium and urine (Yang et al., 2021). The principle is shown in Figure 7, where the method is simple and efficient without special equipment that can be used in the separation and purification of EVs in large volume samples, such as cell supernatant or urine. Compared with polymer co-precipitation, ultrafiltration and other methods, the method has advantages such as shorter concentration time and lower cost. However, the purity of EVs obtained is low and there is protein contamination with particle sizes similar to those of EVs. It is difficult to be directly applied to complex samples, such as blood. This method is simple to operate and highly scalable, which can be widely used in therapeutic or diagnostic applications that require EV enrichment.
[image: Figure 7]FIGURE 7 | EVs enrichment via SAP bead. Small molecules are sucked into SAP with water, whereas EVs and other large size particles are excluded for concentration and purification. Reprinted with permission from Yang et al. (2021).
There are two main aspects of application of EV-related miRNAs: one is the study on mechanism of action for target cells and the other is the detection of potential markers for disease. The impact of free protein and free protein-bound miRNA contamination on downstream experiments should be considered, as well as cost, flux, and automation. However, the tolerance of different experimental purposes and influence weight of related factors are different. For different applications, we can use the most suitable separation method, and the advantages and disadvantages of different isolation methods for application of EV-related miRNAs are as in Table 1.
TABLE 1 | Summary of EV isolation methods.
[image: Table 1]4.2 Extraction and purification methods for microRNA
There are different isolation methods for EV, and there are also different separation and purification methods for miRNA (Chomczynski and Sacchi, 2006; Rio et al., 2010; Duy et al., 2015). The core of RNA separation is to improve the purity of extracted EV-derived miRNA and reduce the losses (Lin et al., 2022). TRIzol method can extract miRNA from the EVs. TRIzol is a reagent whose main component is phenol that can maintain RNA integrity during sample lysis or homogenization. After adding chloroform, the solution is divided into aqueous and organic phases. RNA can then be precipitated in the aqueous phase with isopropyl alcohol (Burgos et al., 2013). But the main issue with precipitation-based isolation is the incomplete removal of phenols and salts. Some miRNAs may be lost during the extraction (Kim et al., 2012), but the reagent chloroform is dangerous. The TRIzol method accompanied by column purification (Brown et al., 2018) has high efficiency. Using the solid phase to isolate the EV miRNA, such as magnetic beads (Xu et al., 2018; Mahmudunnabi et al., 2022), can make the process simple. The high salt concentration is also necessary to solve, which can influence the downstream analysis. McAlexander and fellow researchers (McAlexander et al., 2013) compared different RNA extraction methods and drew the conclusion that not all extraction methods are good. RNA extraction from different sources refers to different extraction methods. Therefore, a fast and simple EV-derived miRNA extraction method is needed.
5 ADVANCES IN DETECTION OF EXTRACELLULAR VESICLES–DERIVED MICRORNA
Current techniques for qualitative and quantitative analysis of miRNAs in samples have developed. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) based on amplification is the typical method for miRNA detection in EV. Furthermore, many other strategies have been established, including molecular beacon in situ (MB in situ), surface-enhanced Raman scatting (SERS), microarray, next-generation sequencing (NGS), and isothermal amplification. Except NGS, the above methods can detect specific miRNAs by probe or primer that is specifically complementary to the target miRNA.
5.1 Quantitative reverse transcription polymerase chain reaction
Currently, the most widespread application for detection of extracellular vesicle miRNA is qRT-PCR (Drula et al., 2020), which is regarded as a gold standard for the detection of gene expression. Quantification of RNA molecules by qRT-PCR unusually consists of two steps: first, the complementary DNA with RNA targets is synthesized by reverse transcriptase (RT), and then PCR amplification is performed using cDNA as a template. The amplification process is monitored in real time by detecting the fluorescence of specific dye of double-stranded DNA or a specific fluorescent probe. Currently, there is no accepted internal reference for EVs that is commonly used in cellular miRNA, such as gene U6 is not stably expressed in the EVs; therefore, it is crucial to find the stably expressed internal reference genes, which is suitable for samples before analyzing the miRNA. Fang et al. (2021) designed a portable nucleic acid detection (PNAD) system and realized the sample processing and PCR in a single device. Compared to traditional PCR techniques, droplet digital PCR (ddPCR) makes a technical improvement, solving the problem of sensitivity in detecting low copy number of transcripts (Hindson et al., 2013). The reaction system was divided into thousands of oil droplets, which encapsulated all reagents, but only one copy of the template was amplified. The fluorescence signal from each droplet was measured by the ddPCR instrument. ddPCR has higher accuracy and reproducibility for serum miRNA (Hindson et al., 2013). Moreover, researchers have recently shown that the ddPCR has higher sensitivity, repeatability, and accuracy in detecting miRNA in urine exosomes, compared with qPCR (Wang et al., 2019). The ddPCR is sensitive to detecting nucleic acids with low copy numbers, but it requires special instruments and costs highly. Moreover, Zhou et al. (2021) detected the EV-derived miRNA in the plasma of patients with endometrial cancer (EC) by PCR and found that mir-15a-5p, mir-106b-5p, and mir107 were significantly upregulated in the exosomes isolated from plasma samples of EC patients, compared with healthy controls.
5.2 Molecular beacon in situ
A series of situ detection methods for miRNAs in exosomes were developed by molecular beacon (MB) (Zhai et al., 2018; Oliveira et al., 2019; Mao et al., 2022). The MB is able to bind to target RNA specifically, resulting in failure of quenching group and generation of fluorescence. The fluorescence intensity has a direct correlation with concentration of hybridizing molecular beacon with miRNA (Lee et al., 2018). These methods neither need RNA extraction nor amplification process, showing characteristics of simple operation. They only need the incubation of the sample with the beacon without removing the unbound beacon, but there is a false negative problem caused by low concentration (Lee et al., 2015a; He et al., 2019). Gao et al. (2019b) have reported a virus-mimicking fusogenic vesicle packaging MB by membrane disposal MB hybridized with target miRNAs in the exosomes for in situ detection.
5.3 Surface-enhanced Raman scatting
Surface-enhanced Raman scatting (SERS) can stimulate signals from small molecules on the metal surface (Kneipp et al., 1996). It can also be used for miRNA detection and classification and have several advantages, such as high sensitivity for detecting very low-level analytes with specific molecular fingerprints (Driskell et al., 2008). More and more research focus on detection of EV-derived miRNA using SERS. A recent study used a modified dual SERS biosensor to detect miRNAs isolated from exosomes. Biosensor uses the SERS label of Fe3O4@Ag-DNA-Au@Ag@DTNB that possesses DNA oligonucleotides complemented with target miRNA. Target miRNA hybridizes with DNA oligonucleotides on nanoparticles labeled SERS, and then DNA from the miRNA/DNA duplexes is selectively cleaved by duplex-specific nuclease. Cutting causes the separation of SERS label from the substrate, and the quenching reaction can be detected and low detection limit of 1 a.m. copy number can be achieved (Pang et al., 2019). Researchers reported an in situ platform for directly detecting exosomal miRNAs from serum samples (Jiang et al., 2021a). They used Au@DTNB-modified [DTNB is the Raman reporter molecule 5,5′-dithiobis-(2-nitrobenzoic acid)] locked nucleic acids (LNAs) to introduce into exosomes and bind to targeted miRNAs to generate SERS signals. The SERS signal is enhanced by Fe3O4@TiO2 enrichment of exosomes. As shown in Figure 8, target miRNAs can be directly qualified in situ with a detection limit of 0.21 fM based on the platform, which is better or comparable to qRT-PCR. The SERS detection has the advantages of being fast, simple, and inexpensive. More portable SERS detection equipment will appear in the future.
[image: Figure 8]FIGURE 8 | Exosomal miRNA in situ detection using SERS biosensor combined with Fe3O4@TiO2-based concentration. SERS tags are adsorbed to exosomes and bind to the target exosomal miRNA (A). The hot spots and SERS intensity increase, and SERS intensity increases as Fe3O4@TiO2 captures exosome for in situ detection of exosomal miRNAs (B). Reprinted with permission from Jiang et al. (2021a).
5.4 Microarray
Microarray is based on a predesigned label probe that hybridizes with the target cDNA sequence (Sevenler et al., 2018). Total RNA was herein extracted from the EVs isolated from the sample, and then a cDNA library that complements with RNA was constructed. To realize the detection of miRNA, cDNA is mixed up with the label probe fixed on the chip, and complementary sequence is hybridized with the labeled probe in the microarray, while the relative gene expression level is quantified according to the hybridization signal intensity (Li et al., 2020). Microarray has been widely used in the analysis of miRNA in EVs. Nakamaru et al. (2020) analyzed the expression of EV-derived miRNA in type 1 autoimmune pancreatitis (AIP) samples, chronic pancreatitis (CP), and healthy adult (HC) samples by microarray technology and found that mir-21-5p was highly expressed in AIP compared with control group. Roman-Canal et al., 2019 used TaqMan open array technology to analyze the expression of miRNAs related EVs and found that 210 miRNAs were differentially expressed in the EVs isolated from peritoneal lavage fluid of patients with colorectal cancer (CRC) (Roman-Canal et al., 2019). Although the miRNA chip can analyze a large number of sequences simultaneously; however, it has low sensitivity, narrow dynamic range, high cost, and extended operation.
5.5 Next-generation sequencing
NGS is a high-throughput sequencing method that is the leading technology in transcriptome analysis (Alexandra et al., 2022; Griffin et al., 2022). It can sequence the base pair of DNA or RNA. First, RNA in the sample needs to be extracted and purified. Universal adaptors are often connected to the 5′ and 3′ ends of each RNA strand, and then reverse transcription and PCR amplification, and finally, the products are sequenced. NGS technology overcomes some limitations of microarray to study miRNA in EVs, such as requiring many samples being unable to detect unknown miRNA, and has higher sensitivity and accuracy than microarray. NGS is usually used to screen the disease-related specific miRNA. In another study, researchers analyzed the noncoding RNA expression profile of prostate cancer metastatic cells (PC3) and EVs by NGS technology and found that miR-10a-5p and miR-29b-3p from the EVs in the plasma sample from patients with prostate cancer were significantly overexpressed (Worst et al., 2020). Sequencing technology can find the new gene sequences, but it is not suitable as the standard detection technology because of its long cycle, high cost, and complex data analysis.
5.6 Isothermal amplification technique
In recent years, isothermal amplification has become a popular method for detecting miRNA (Zhao et al., 2015; Reid et al., 2018). It is easy for isothermal amplification methods to have allowed nucleic acid amplification to be carried out, and isothermal amplification has had a profound impact on the way molecular diagnostics operate (Glokler et al., 2021). Because it does not need a thermal cycler, isothermal amplification is more suitable for short-sequence RNA. MiRNA is used as the primer extended on the template, triggering sequence amplification or template for primer design (Deng et al., 2017). As described in the overviews (Gines et al., 2020), isothermal amplification is usually divided into enzyme and enzyme-free methods. Enzymatic isothermal amplification includes loop-mediated isothermal amplification (LAMP), nuclear acid sequence-based amplification (NASBA), rolling circle amplification (RCA), exponential amplification reaction (EXPAR), and duplex-specific nuclease amplification reaction (DSNAR). Recent studies show a sensitive detection method for miRNA in various exosomes using RCA technology to detect miRNA-21, miRNA-122, and miRNA-155 (Wang et al., 2021) in exosomes at the same time. Compared with conventional methods, it has the advantage of multiple detection and simplicity of RCA. Enzyme-free isothermal amplification methods for miRNA detection include catalytic hairpin assembly (CHA) and hybrid chain reaction (HCR) (Gines et al., 2020). Guo et al. (2020) developed a label-free sensitive electrochemical detection method based on HCR for signal amplification to detect miRNA-122 in exosomes (Figure 9), and the detection limit was as low as 53 a.m.
[image: Figure 9]FIGURE 9 | Exosomal miRNA detection by an electrochemical sensing platform harnessing HCR as a signal amplification strategy. Reprinted with permission from Guo et al. (2020).
Table 2 shows the advantages and disadvantages of current detection methods for miRNA. With fast development of quantitative detection technology, the emergence of EV miRNA has become a particular and sensitive diagnostic and prognostic biomarker that is expected to be used for noninvasive detection of diseases.
TABLE 2 | Summary of EV-derived miRNA detection methods.
[image: Table 2]6 SUMMARY AND FUTURE PROSPECT
In this review, we have discussed the mechanisms for miRNA sorting in EVs and diagnostic value of EV-derived miRNA in diseases. We then summarized the isolation methods for EVs and EVs’ miRNA-related detection technologies. Moreover, we also illuminated the advantages and disadvantages of each method, that can be valuable for deciding the most suitable isolation and detection methods in different situations.
Ample progress has been made in studies on EV-derived miRNAs in a plethora of diseases, but there are still many challenges with unclear mechanisms. However, the current EV-derived miRNA extraction technology still has many challenges to solve. First, the inefficient EV separation method may lead to the loss of many EVs, affecting the downstream analysis of EVs contents. Second, the EV-derived miRNA extraction refers to extraction method for miRNA from cells and body fluids. For example, the TRIzol method is widely used to extract nucleic acids, but it has limitations such as complicated operation and high miRNA loss, which hinder the application of EV-derived miRNA for clinical diagnosis.
Many disease-related EV miRNAs have been discovered, and detection of EV miRNA has made significant progress and is now close to commercial application. It has significant social value and economic benefits to develop a new method for automatic, rapid isolation of EVs and extraction of miRNA in large samples. In the aspect of EV isolation, the method can be improved to get EVs with high purity by employing various methods, such as using magnetic beads or microfluidics technology. For the miRNA detection, the application of multiple detections of different EVs’ miRNA and detection of EV miRNA in combination with EV-related membrane proteins, DNA, or glycoproteins can improve the sensitivity and specificity of the detection methods. Detection of miRNA from a single EV ensures the integrity of the EV structure and information without extraction of RNA, which is the direction for future development. For some EV-derived miRNAs associated with acute diseases, the development of simple, rapid, and sensitive miRNA extraction and detection POCT technology is also one of the future research directions.
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The rapid classification of micro-particles has a vast range of applications in biomedical sciences and technology. In the given study, a prototype has been developed for the rapid detection of particle size using multi-angle dynamic light scattering and a machine learning approach by applying a support vector machine. The device consisted of three major parts: a laser light, an assembly of twelve sensors, and a data acquisition system. The laser light with a wavelength of 660 nm was directed towards the prepared sample. The twelve different photosensors were arranged symmetrically surrounding the testing sample to acquire the scattered light. The position of the photosensor was based on the Mie scattering theory to detect the maximum light scattering. In this study, three different spherical microparticles with sizes of 1, 2, and 4 μm were analyzed for the classification. The real-time light scattering signals were collected from each sample for 30 min. The power spectrum feature was evaluated from the acquired waveforms, and then recursive feature elimination was utilized to filter the features with the highest correlation. The machine learning classifiers were trained using the features with optimum conditions and the classification accuracies were evaluated. The results showed higher classification accuracies of 94.41%, 94.20%, and 96.12% for the particle sizes of 1, 2, and 4 μm, respectively. The given method depicted an overall classification accuracy of 95.38%. The acquired results showed that the developed system can detect microparticles within the range of 1–4 μm, with detection limit of 0.025 mg/ml. Therefore, the current study validated the performance of the device, and the given technique can be further applied in clinical applications for the detection of microbial particles.
Keywords: micro-particles detection, dynamic light scattering, MIE scattering, machine learning, features selection, shapley value
1 INTRODUCTION
Microparticles are small spherical particles with different size ranges within 1–1,000 μm (Li et al., 2013; Veremchuk et al., 2021). In the atmosphere, particles with a diameter less than 2.5 μm have the characteristics of strong activity, long residence time, and transport distance, which significantly harms human health and the quality of the atmosphere. The application of rapid classification of microparticles is to prevent damage to humans from airborne pollution and food contamination (Wieland et al., 2022). Particles can also be used as an effective drug delivery transmitter in cancer treatment and prevention (Nakane, 2012; Gong et al., 2015; Kumar et al., 2015). Light obscuration test (LOT) is an analytical method in which particles in a liquid are placed between a laser light source and a detector. A laser light source is used to illuminate the particles, thus creating a blocking light. The system processes the detected signal to display a calibration curve. The calibration curve quantifies the particles and determines their size (Hawe et al., 2013). Microparticle detection instruments commonly use LOT to detect insoluble particles in intravenous fluids for drug detection. The rapid classification of particles with different sizes is crucial for the human environment and the timely identification of microorganisms (Kumar et al., 2015). In the last decade, many microparticle detection techniques have been developed (Zhao et al., 2011; Dalili et al., 2019; Lengyel et al., 2019; Lerche, 2019), such as flow microscopy, spectroscopy, mass spectrometry (Zwicker, 2010; McNay et al., 2011; Kreimer et al., 2015). Recently, classifying particles using high-speed microscopy to acquire particle images by artificial intelligence algorithms has become a mainstream research method. Luo et al. (2020) developed a pipeline based on machine learning to identify images obtained from Charge Coupled Device (CCD) imaging and improved the accuracy of particle identification. Lugnan et al. (2020) developed a machine learning method for high-throughput single particle analysis using flow cytometry to achieve interference pattern classification of transparent PMMA microparticles with diameters of 15.2 and 18.6 μm. Bals et al. (2022) used scanning electron microscopy images to record contrast ratio and resolution, then classified the acquired images by machine learning based on the shape and size of micro-particles. The above methods are limited to imaging analysis and require more space for expensive detection instruments (Klug et al., 2019; Di et al., 2022; Yue et al., 2022).
In this study, we proposed an application of multi-angle dynamic light scattering (MDLS) method based on machine learning. The initial sample was diluted by mixing 1 μl of the original sample (25 mg/ml) with deionized water (DI). The prepared sample was placed in the device to collect scattered light for 30 min. The surrounding photodetector acquired the multi-angle dynamic light scattering signal and converted the acquired scattered light signal into a voltage wave. The power spectrum features were obtained from the signal waveform, and the principal component analysis (PCA) and recursive feature elimination (RFE) methods were applied to select the optimum features. Machine learning (ML) is an artificial intelligence technique that enables fast and automated classification of input features. ML has been widely applied in various applications, such as biomedical engineering and optical-based instruments (Lussier et al., 2020; Shin et al., 2020). Three machine learning algorithms, including logistic regression (LR), random forest (RF), and support vector machines (SVM) were applied for classifying features. The accuracy, precision, recall, and F1-score were used as evaluation metrics for classification performance. The overall schematic representation of the experiments and detection principle has been illustrated in Figure 1. The results demonstrated that the proposed technique is effective for the rapid detection and classification of microparticles. The proposed research aimed to shorten detection time, reduce detection costs, and simplify operation methods for classifying microparticles. The detection process did not require expensive equipment and complex operations to perform non-contact, non-invasive, and rapid detection of samples, which had great potential for optical and clinical applications.
[image: Figure 1]FIGURE 1 | The flowchart for the detection principle for classifying microparticles based on MDLS and machine learning.
2 MATERIALS AND METHODS
2.1 Micro-particles characteristics
Lumisphere polystyrene fluorescent microspheres from Tianjin Bessler Chromatography Technology Development Center (Tianjin, China) were used with a concentration of 25 mg/ml. The microscopic images of the microparticles with three different sizes were taken by scanning electron microscopy (SEM), as shown in Figure 2. The testing samples of different concentrations were prepared using series dilution to find the optimum concentration for acquiring data. The optimum concentration of the testing sample was obtained by getting the highest number of peaks/variations in the acquired waveform of respective sample. The testing samples with concentrations of 0.0125, 0.025, 0.05, 0.075, 0.1, and 0.125 mg/ml were mixed with DI water to acquire the optimal concentration. The solution was vortexed and centrifuged at 1,000 rpm for 10 min. The residue was removed from the sample to remove unwanted impurities. Then 1 ml of DI water was mixed with the supernatant to prepare the final sample for the experiment. All the experiments were performed at a room temperature (25–28°C).
[image: Figure 2]FIGURE 2 | Images of three particles scanning under electron microscope (A) 1 µm (B) 2 µm and (C) 4 µm.
2.2 MDLS prototype
Mie scattering theory describes the elastic scattering of light when the wavelength of the incident light is similar or smaller than the diameter size of spherical particles. Mie theory has been widely applied to laser diffraction analysis to detect particle size effects (Altug et al., 2022). MDLS combines the angular information of Mie scattering with dynamic light scattering to measure particle size. MDLS shows that the intensity of the scattered light fluctuates in a particular direction with time because the tiny particles in solution are in Brownian motion, and the distance between each scattered particle constantly changes with time. MDLS is a common method for detecting particle size and has been used in many medical detection devices (Guo et al., 2018). Optical methods were widely used as an important research tool for particle classification and qualitative detection (Fan et al., 2014; Olson et al., 2015).
The prototype contains three main parts: 1) a laser source, 2) an assembly of the photosensitive sensor, and 3) a data acquisition system (Hussain et al., 2020a). The designed prototype and the laser hardware were assembled by the Nanjing Institute of Advanced Laser Technology, Chinese Academy of Sciences (Nanjing, China). The laser source of the device has a wavelength of 660 nm at a rated power of 150 mW. The power rating of the laser source was measured by PM320E and S130C instruments developed by Thorlabs (New Jersey, United States). When the laser passes through the sample, the scattering light was detected by the high-speed silicon photodiodes FDS100 (wavelength ranges from 350 to 1,100 nm with rise time of 10 ns) manufactured by Thorlabs (New Jersey, United States). The AD8675 manufactured by Analog Devices (Massachusetts, United States) operational amplifier was used in the system to amplify the weak signal. A small flask made of round bottom silicon was used in the experiment (Celo Measure & Control Technology Co., Hefei). UV-1800 Spectrophotometer (SHIMADZU, Japan) measured the absorbance of the glass (Figure 3), which was approximately zero between 500–700 nm wavelength.
[image: Figure 3]FIGURE 3 | Testing the absorbance of glass flasks used for sample detection from 500 to 700 nm.
The original prototype was designed with 32 photoelectric sensors for signal acquisition (Hussain et al., 2020b). However, the initial number of 32 sensors consumed more computational power. The redundant data acquisition channels did not provide enough information, significantly deteriorating the classification results. The intensity of scattering light depends on the shape, size, and characteristics of the particles based on the Mie scattering theory. Particles of different sizes exhibited different scattered light patterns. The maximum scattering light intensity occurs in the incoming light’s forward direction (Lock and Laven, 2011). Therefore, the number of sensors was tested and reduced from 32 to 12.
The 3D assembly of the developed prototype was designed using Solidworks 2020 software, as shown in Figure 4. The 3-axis positioning table controlled the “XYZ” 3-axial alignment of the light source to ensure that the laser is focused on the center of the sample. The laser beam positioning unit, laser collimator, sample flask and the direction of the incident light to the sample were optimized to acquire maximum signal energy from the forward scattering light. The calibrated system guarantees that no interference from external factors appears throughout the detection experiments. The signals were collected by NI data acquisition card (PCI-6225). The system showed zero voltage in the dark environment. The data collector maintained the calibrated zero signal waveform when the flask was filled with DI water as an empty sample. The collected data were further processed for features evaluation and data classification using MatlabR 2018a software.
[image: Figure 4]FIGURE 4 | Prototype of the optical system designed by Soildworks 2020. (A) Laser source: Laser source with wavelength of 660 nm and power rating of 150 mW laser sources was used to emit laser beam; (B) Optical collimation: The optimized collimation system was used to ensure that the scattering light signal from the micro-particles was fully transmitted to the detector unit in real time. (C) Adjustment table: The 3-axis positioning system was used to adjust the position of the horizontal x and y axis and the vertical z axis so that the laser beam can be focused on the center of the sample. (D) Sample: Different concentrations of microparticle samples mixed with DI water was prepared as experimental samples. (E) Sensors: A photodiode with wavelength range of 350–1,100 nm and rise time of 10 ns was implemented to convert the light signal to an electrical signal.
2.3 Features extraction and features selection
2.3.1 Features extraction
Signal-to-noise ratio (SNR) gives the ratio between the power of the information signal carried in the acquired signal to the noise signal and measures the quality of the signal. Higher SNR indicates better signal quality and provides valid information for computational analysis (Szkulmowska et al., 2005). The SNR calculated the quality of the signal, where [image: image] denoted the total signal power and [image: image] denoted the noise power, as presented in Eq. 1:
[image: image]
Various time-domain feature extraction algorithms have been developed for signal classification tasks (pahuja et al., 2022; Wang et al., 2022). Rami et al. developed an Electromyography (EMG) signal-based feature extraction method to extract power spectrum features from the non-stationary signal in time domain (Khushaba et al., 2014). The acquired data from the prototype also showed non-stationary behavior. In the feature extraction technique, the MDLS signal is denoted by x [j], the length of the signal is represented by N, and the sampling frequency is fs. The MDLS scattered signal can be expressed over time by a function of X [k] after the discrete Fourier transform (DFT). According to Parseval’s theorem, the power contained in the signal is equal to the sum of the powers of the components of the signal from the complete orthogonal set. The Parseval’s theorem is applied to the derivation of the power spectral characteristics:
[image: image]
The power spectrum characteristic P [k] is calculated by multiplying [image: image] and X [k], where k denotes the frequency of the signal. Eq. 2 represents the phase-excluded power spectrum.
According to the symmetry of the Fourier transform, all positive and negative frequencies were included to handle the whole spectrum. The given method used the time domain signal to evaluate the power spectrum features. All odd moments were set to zero by the FT. Therefore, according to the definition of the nth order moment m of the power spectral density P [k], all odd moments will be calculated as zero, which is defined as:
[image: image]
Based on Eq. 2, Parseval’s theorem can be used when n = 0. According to the time-differentiation property of the FT, when n ≠ 0, the nth order derivative of the discrete time signal equals the spectrum multiplied by the nth power of k as follows:
[image: image]
Therefore, the number of extracted features is defined by the following properties:
2.3.1.1 Zero-order moments
The zero-order moment represented the total power in the frequency domain:
[image: image]
2.3.1.2 Second-order moments and fourth-order moments
The second-order moment indicates the magnitude of the fluctuation of the power spectrum corresponding to the mean value. In the power spectrum characteristics, the power spectrum with [image: image] is correlated with spectrum related to [image: image], and represented by Eq. 2:
[image: image]
Similarly, the fourth-order moments can be expressed by the following equation:
[image: image]
The features were normalized ([image: image], [image: image] and [image: image]) to reduce the effect of noise on the features, where [image: image] was routinely set to 0.1.
[image: image]
Thus, the first three extracted features [image: image] are defined as:
[image: image]
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2.3.1.3 Sparsity
Sparsity defines the energy contained in a vector which is represented by:
[image: image]
2.3.1.4 Wavelength ratio
The waveform length characteristic defines the sum of the absolute values of the second and fourth-order derivatives of the signal:
[image: image]
However, the sampling frequency of the data acquisition was set to 1 kHz for the 12 channels. The five features were collected from each channel to form the feature vector [image: image]. A total of 60 features were extracted from 12 channels, and the feature filtering algorithms were applied to filter the feature set.
2.3.2 Features selection method
The dimensionality of features affects the classification results, and irrelevant features may degrade the performance of the classifier (Li et al., 2017). Feature selection methods optimize the feature set and remove low relevance and redundant features. Feature selection methods are useful for removing irrelevant features affecting the training model and improving the classification accuracy of the model (Khaire and Dhanalakshmi, 2022). The PCA and RFE were used as dimensionality reduction algorithms.
2.3.2.1 PCA
PCA is a commonly used algorithm for data dimensionality reduction. PCA can project each data point onto only the first few principal components to obtain low-dimensional data while preserving as much variation as possible. In PCA, high-dimensional features are determined based on the eigenvectors and eigenvalues of the covariance matrix for K principal components and mapped to the K-dimensional space (K < N), where K-dimensional features are associated as new eigenvectors based on the magnitude of the eigenvalues (Yang et al., 2004).
2.3.2.2 RFE
Removing several features at a time often negatively impacts classifier performance, while using a small subset may yield better results. Therefore, RFE was introduced to overcome the drawback (Guyon et al., 2002). REF is a feature selection method with good generalization performance based on backward search of the model as features were removed in each iteration by using the feature importance metric within the model as a metric. RFE searches for a subset of features by starting with all features in the training dataset and successfully removing features until the desired numbers are obtained.
2.4 Machine learning
Machine learning represents a class of algorithms for data classification. With the development of artificial intelligence, machine learning technology has been widely applied in various fields, especially in biomedical engineering and life science (Goodswen et al., 2021). Among different machine learning algorithms, LR is a probabilistic non-linear regression with applications in prediction and discrimination. RF is an integrated learning model that contains multiple decision trees, and the output category is determined by the plurality of the categories output from the individual trees. SVM is a typical supervised learning classification algorithm in machine learning, which classifies data by finding the maximum interval in the feature space (Ghannam and Techtmann, 2021).
After acquiring the experimental data, the machine learning classification algorithms were applied based on Sklearn 0.19.0 package (Intel Core i7-10700 CPU processor, 2.90 Ghz, 32 GB RAM, RXT 3070). The SVM classifier acquired the highest classification accuracy compared with other classifiers. The machine learning classification process is presented in Figure 5, where the data set was divided into a training set and a test set in the ratio of 7:3. After denoising, the data was segmented by adding a sliding window length of 250 ms and slid over the data signal with an increment of 150 ms. The power spectrum features were extracted for the signals in each window. The features extracted from three particle sizes of 1, 2, and 4 µm were labeled before training the machine learning classifier.
[image: Figure 5]FIGURE 5 | Flowchart of the microparticles classification based on machine learning.
2.5 Performing analysis and features contribution
2.5.1 Performing analysis
Model evaluation metrics were applied to select a model with high generalization ability for machine learning classification tasks. Models with high generalization ability tend to adapt the unknown samples. Cross-validation is used to assess machine learning classifiers on the training set for checking their performance. In 5-fold cross-validation, the dataset is divided into 5 subsets that are not utilized in training the classifier. The 5-subsets were used for testing the model to evaluate the classifier (Bergmeir and Benitez, 2012; Wong and Yeh, 2020). The performance was assessed based on the average value generated from each result of the subset. In this research, the 5-fold cross-validation was performed to optimize the parameters of the classifier. The generalization performance of the model was tested on the test set.
The confusion matrix was plotted for subsequent computation of performance evaluation metrics. The confusion matrix is a class of tables used to visualize the classification results and evaluate classification performance. The values from the confusion matrix were represented by True Positive (TP), True Negative (TN), False Positive (FP), and False Negative (FN). The given characteristics were applied to evaluate the performance metrics, in which TP and TN denote the results of particle size that had been correctly classified, while FP and FN represent the results of particle size data classified incorrectly by the classifier. These parameters constituted the confusion matrix were used to evaluate the performance metrics, including precision, accuracy, recall, and F1 score. Precision represents the percentage of correctly predicted results to total outcomes. Recall is the probability that the predicted positive samples were positive samples. The F1 score was obtained from the weighted average of precision and recall.
The above metrics were used to evaluate the performance of the classifier and defined respectively:
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2.5.2 Features contribution
Shapley value is a solution concept that involves the equitable distribution of benefits and costs to several actors working jointly in the game theory (Ribeiro et al., 2016; Lundberg and Lee, 2017). Shapley values are mainly applied to situations where the contribution of each actor is not equal but cooperates to obtain a benefit or reward. Shapley values have been widely used in artificial intelligence to provide good interpretability for machine learning and deep learning black box models (Rozemberczki et al., 2022). The proposed method can attribute the output value of the model to each Shapley value in the dataset at each sample level. Shapley values provide a natural way to calculate which features contribute to predictions, interpreting a model trained on a set of features as a coalition of players’ value functions. The Shapley value explains the degree of contribution of each feature to the outcome.
3 RESULTS
3.1 Prototype design
The prototype was successfully developed with a dimension of 50 cm × 30 cm × 30 cm. The testing sample was placed in the chamber of the prototype, as shown in Figure 6A. The sample was placed to focus the laser light on the center of the flask, as shown in Figure 6B. The particles that randomly moved in the flask scattered the detection beam while the sensor received the scattered signal in real-time. The pattern of scattering light was affected by the size and shape of the microparticles (Hussain et al., 2019). A black box was used to avoid external interference, improving the quality of the acquired signal, as shown in Figure 6C.
[image: Figure 6]FIGURE 6 | (A) Internal status of the prototype during the operation; (B) photodetectors are distributed in the backward direction; and (C) an external cover of the system is used to avoid external light (dimension: 50 cm × 30 cm × 30 cm).
3.2 Optimized condition experiments
The testing samples with concentrations of 0.0125, 0.025, 0.05, 0.075, 0.1, and 0.125 mg/ml were mixed with DI water to acquire the optimal concentration. Each of the experiments was performed for 30 min. Samples with different concentrations were tested to obtain the average number of peaks (Figure 7). The scattering of the light was weak when the concentration was too low, so the number of detected peaks was less. At higher concentrations, the number of detected characteristic peaks was also too low due to particle-to-particle interaction. Overall, the experimental results showed that a higher number of peaks in the waveform were generated at a sample concentration of 0.025 mg/ml. The classification outcomes showed incorrect results for samples with concentrations below 0.025 mg/ml. Therefore, the sample concentration of 0.025 mg/ml is considered as the detection limit.
[image: Figure 7]FIGURE 7 | Average peak values were obtained using samples with different concentrations.
3.3 Signal testing
The prepared samples with an optimum concentration were used to detect the MDLS. The time-domain light scattering signals from three different particles were obtained for 30 min. The SNR of the signal increased from 2.98 to 6.698 after applying the second order Butterworth filter to the acquired raw data. Figures 8A–C shows the test signal obtained from 12 channels for three particles with time duration of 3 min. An output signal shows significant variations in the peak values obtained from different particles sizes. The peak values represent the time when the particles pass through the detection beam. The signal test significantly revealed the similarity of the particle signals of the three different particle sizes in terms of peak features and combinations of detection channels, so the feature extraction and machine learning approach can significantly improve the effectiveness of the classification task.
[image: Figure 8]FIGURE 8 | Partial waveform signals from three different sizes of particles (A) 1 µm (B) 2 µm and (C) 4 µm appeared during the 180 s of detection, during which the particles passing through the beam showed a significant voltage signal on the sensor.
3.4 Features reduction and classification algorithms
PCA and RFE were used as feature selection algorithms, and then 5-fold cross-validation was applied to the features. Before training and testing the classifiers, the features matrix were labeled as 1 µm (class 0 label), 2 µm (class 1 label), and 4 µm (class 2 label). The number of features varied from 5 to 60, with an increment of 5 in each iteration. A 5-fold cross-validation evaluated the results of each feature selection. The highest accuracies of LR, RF, and SVM classifiers using 50 selected features with PCA were 91.97%, 88.89%, and 91.74%, respectively (Figure 9A). Similarly, the highest accuracies of LR, RF classifiers were 92.08%, 91.52%, using 30 selected features, the highest accuracy of SVM classifier were 95.38% using 50 selected features with RFE, (Figure 9B). Overall, the classification results using RFE were more accurate than PCA. The RFE feature selection method selected a subset of 50 features to obtain the highest classification accuracy.
[image: Figure 9]FIGURE 9 | Average classification scores obtained from LR, RF and SVM classifiers using (A) PCA and (B) RFE for feature selection after 5-fold cross-validation.
The confusion matrix was plotted from the outcomes to evaluate the performance of the three classifiers. The row of the confusion matrix represented the actual sample classes, and the column represented the predicted sample classes (Figure 10). The green boxes in the diagonal line represented the outcomes that were correctly classified. The remaining feature data points represented the incorrectly classified values. The identification accuracy, precision, recall, and F1 score of the testing dataset were evaluated using Eqs 14–17, and the results are presented in Table 1. Overall, the SVM(kernel = “linear”, decision_function_shape = “ovr”,C = 100, gamma = 0.0001, probability = True) classifier achieved higher classification accuracy than LR and RF classifiers.
[image: Figure 10]FIGURE 10 | Confusion matrix of three different classifiers (A) RFE-LR (B) RFE-RF (C) RFE-SVM on testing set.
TABLE 1 | Four evaluation metrics of different classifiers on test dataset.
[image: Table 1]3.5 Features contributions
The Shapley values were used to validate whether the 50 power spectrum features subset influenced the prediction results. We computed the Shapely values that were contributed from the power spectral features of the SVM classification model. The average Shapely values from each feature and the corresponding Shapley values for each data point were calculated and counted. The bar chart on the left (Figure 11A) showed the average Shapley values for the three classifiers, indicating each feature’s average contribution to the final output. The scatter plot on the right (Figure 11B) demonstrated the distribution of Shapley values and their contribution to the model output structure. The color of each point represented the intensity of the feature value. Blue data points indicated low features, while red represented the opposite. The results showed a significant contribution of the first 12 features to the results, consistent with the proposed channel arrangement for the acquisition system. The first 12 features that corresponded to the zero-order moment features of the 12 channels played a crucial role in the contribution of the classification results.
[image: Figure 11]FIGURE 11 | Quantification of feature impact on prediction through analysis of Shapley additive explanations (SHAP) values of the 20 most impactful features. (A) Averaged Shapley values of features with higher contribution indicate an average effect of these features on the output amplitude. (B) The scatter plot represents the distribution of Shapley values and the effect on the model output of all test samples.
4 DISCUSSION
The objective of this paper is to develop a new system and to verify the ability of the proposed technique for the identification of different particle sizes. With the continuous development of point-of-care testing (POCT) technology, detection techniques are gradually evolving with high accuracy and simplicity. The developed system can identify the size of microparticles with high accuracy in a short time. The given analysis was conducted by collecting a large amount of data based on the scattering light from particle samples of different sizes (1, 2, and 4 μm). The time-domain features were obtained from the acquired data, and the features were reduced the number of features to acquire higher classification accuracy. The RFE feature selection method selected a subset of 50 features, and gave best results compared with PCA features selection method. The selected features were trained using machine learning to automate the detection procedure. The logistic regression classifier gave classification accuracies of 95.30%, 92.38%, 89.17% for particle sizes of 1, 2 , and 4 μm, respectively. The random forest classifier gave classification accuracies of 92.59%, 96.71%, 76.62% for particle sizes of 1, 2, and 4 μm, respectively. The SVM classifier showed higher identification accuracy with prominent classification parameters. The SVM classifier gave the highest classification accuracies of 94.41%, 94.20%, 96.12% for particle sizes of 1, 2, and 4 μm, respectively. The trained SVM classifier gives an average classification accuracy of 95.38%. The detection limit of the given method is 0.025 mg/ml. The contribution and effect of each feature to the results were analyzed by features selection methods. Selected features identified by the RFE feature filter have shown superior classification results. The Shapley values of these features described a significant contribution to the results. In summary, the developed system based on MDLS and machine learning can quickly and accurately detect microparticles. Furthermore, the prototype was highly integrated, and the developed method did not require lengthy sample preparation. The given technique requires further validation for practical applications that can be applied to detect microbial particles within the range of 1–4 µm.
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Microfluidic chip technology is a technology platform that integrates basic operation units such as processing, separation, reaction and detection into microchannel chip to realize low consumption, fast and efficient analysis of samples. It has the characteristics of small volume need of samples and reagents, fast analysis, low cost, automation, portability, high throughout, and good compatibility with other techniques. In this review, the concept, preparation materials and fabrication technology of microfluidic chip are described. The applications of microfluidic chip in immunoassay, including fluorescent, chemiluminescent, surface-enhanced Raman spectroscopy (SERS), and electrochemical immunoassay are reviewed. Look into the future, the development of microfluidic chips lies in point-of-care testing and high throughput equipment, and there are still some challenges in the design and the integration of microfluidic chips, as well as the analysis of actual sample by microfluidic chips.
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1 INTRODUCTION
Microfluidic technology refers to the process or manipulation of a small amount of fluid (10-9-10-18 L) using microchannels with tens to hundreds of microns (Abe et al., 2010; Alix-Panabières and Pantel, 2014; Huang L. et al., 2021; Bai et al., 2022). It is a new research field developed from the technologies and principles of chemistry, physics, biology, materials science, fluid mechanics and microelectronics (Deng et al., 2013; Sackmann et al., 2014; Hamdallah et al., 2020). In the early 1990s, Manz et al. carried out the research on chip electrophoresis and first proposed the concept of microcomplete analysis system (Manz et al., 1990).
Microfluidic chip, also called microfluidic chip lab or lab-on-chip (LOC), is a technology platform that integrates the sample processing, reaction, separation, detection and other routine operations involved in chemical and biological experiments on a chip of several square centimeters to achieve low consumption, rapid and efficient analysis. Microfluidic chip is characterized by the its microstructure to accommodate the fluid, such as micro channels, micro reaction chambers and other micro functional components, resulting in a series of special effects of micro fluid, such as laminar flow effect, surface tension and capillary effect, rapid heat conduction effect and diffusion effect, which is conducive to accurate fluid control and rapid reaction. Due to the micron-scale structure, the fluid displays special properties that are different from those in the macroscopic scale, which leads to unique analytical performance (Li et al., 2013b; Mou et al., 2016; Liu H. et al., 2017; Zhang Z. et al., 2022). Compared with traditional analysis methods, the prominent advantage of microfluidic chip lies in the flexible combination and integration of various unit, realizing the automatic operation, high throughput detection and low reagent consumption, preventing human interference and pollution, as well as completing efficient repeated experiments. Microfluidic chip is also of good compatibility that easy to integrate with other technical devices (Daw and Finkelstein, 2006). Using microfluidic chip technology, hundreds of samples can be simultaneously analyzed in a few minutes or even less time, and the whole process of sample pretreatment and analysis can be realized automatically (Li et al., 2013a; Liu et al., 2013; Lu et al., 2021).
With the development of materials science, the materials of microfluidic chips have emerged in a wide range from silicon, glass to paper-based, hydrogels, and polymers. At the same time, the preparation technology of microfluidic chip is also booming, including screen printing, inkjet printing, 3D printing and so on. Some advanced processing technologies, such as femtosecond laser processing technology and two-photon 3D printing technology, also provide more possibilities for the production of high-precision microfluidic chips.
Microfluidic chip technology has brought a subversive breakthrough in biomedical field. Due to the advantages of small reagent consumption, short reaction process, high sensitivity and low cost, microfluidic chips are easy to be developed into portable instruments and have significant advantages of real-time on-site detection, which can be widely used in gene, protein and microbiology assay. Microfluidic chip is also potentially used in portable instruments and point-of-care testing (POCT), which can be widely used in the field of biomedicine (Hale et al., 2010; van de Sandt et al., 2012; Wang H. et al., 2021; Huang Q. et al., 2021; Goldstein et al., 2021; Jalili et al., 2021; Ma et al., 2021; Yin et al., 2021; Dornhof et al., 2022; Sun et al., 2022; Yang et al., 2022).
2 PREPARATION OF MICROFLUIDIC CHIP
2.1 Materials of microfluidic chip
In the preparation of microfluidic chips, the durability, manufacturability, transparency, biocompatibility, as well as the possibility of surface functionalization of the materials must be considered (Pan et al., 2017; Sticker et al., 2020; Niculescu et al., 2021). At present, the materials of microfluidic chips include silicon, quartz, glass, polymer, hydrogel, paper and so on (Qin et al., 1998).
Silicon is one of the favored materials for microfluidic chip preparation, which is easy to obtain and has good chemical compatibility and thermal stability (Singh et al., 2011; Martins et al., 2018). At the same time, silicon has been the preferred material for microfluidic platform preparation for decades due to its simplicity of manufacturing, easy to be surface modified and the semiconductor properties (Nielsen et al., 2020).
Glass and quartz are also widely used as the materials of microfluidic chips due to their low cost and good biocompatibility, with the surface modification based on silicon hydroxyl (Jiang X. et al., 2020). In addition, glass is of excellent light transmittance which is convenient for optical detection (Hwang et al., 2019).
Polymer is a kind of important material used in microfluidic chip because of its variety, low cost, simple manufacturing process, good transparency, and modifiable performance. Polymer used in microfluidic chip involves of thermoplastic polymer, thermosetting polymer and solvent volatile polymer. Thermoplastic polymer includes polymethyl methacrylate (PMMA), polycarbonate (PC) and polyethylene (PE), etc. Thermosetting polymer includes polydimethylsiloxane (PDMS), epoxy resin and polyurethane (PU), etc. Solvent volatile polymer includes acrylic, rubber and fluorine plastics, etc. PDMS is hydrophobic organosilicon material, which has the advantages of no byproduct, low stress and modulus, excellent physiological inertia, and remaining elastic within the temperature range of −40–210°C (Syed et al., 2014). PMMA is also known as plexiglass, with the properties of easy processing, strong corrosion resistance, good insulation and high transparency. The density of PMMA is much less than that of glass, but the strength of PMMA is 10 times stronger than that of glass (Gabriel et al., 2014).
Hydrogel has become one of the matrix materials of microfluidic chips (Liu M. et al., 2017; Yang F. et al., 2018; Jing et al., 2019; Mofazzal Jahromi et al., 2019; Nielsen et al., 2020), which usually have a hydrophilic porous structure, and its porous structure is filled with water molecules, allowing biomacromolecules to pass through (Lee et al., 2014; Chen et al., 2016; Liu M. et al., 2017; Chen et al., 2017; Xu et al., 2019; Huang et al., 2020; Vera et al., 2021).
Paper materials have the history of use more than two thousand years, which usually has a loose porous hydrophilic structure. Water-based liquid dropped on the surface of the paper can flow autonomously in the paper fiber by capillary forces. The application of paper materials in microfluidic chips is mainly inspired by the application of paper chromatography in traditional chemical detection methods (Martinez et al., 2007; Hellmann, 2008). The microfluidic analysis platform prepared from paper (such as chromatography paper and nitrocellulose film) is called paper-based microfluidic chip, also known as paper chip. Microfluidic paper-based chip is a miniature laboratory analysis system that uses paper substrates to replace the traditional substrates of microfluidic systems. By establishing hydrophilic/hydrophobic channels and analysis units on the surface, the sample on the chip carries out self-driven flow and corresponding reactions to realize sample pretreatment, separation, purification, and detection (Wu et al., 2016; Wu et al., 2017). Paper-based microfluidic chips are characterized by low cost, easy processing, disposable use and no external fluid pump, which greatly simplifies the requirements of chip structure for auxiliary equipment (Lin et al., 2020; Liu et al., 2020). In recent years, paper-based microfluidic chip has been applied to a certain extent in life science and medicine, food safety, environmental monitoring and other fields (Qi et al., 2018; Jiang H. et al., 2020; Yang et al., 2020). Except the advantages, there are still many constraints in the application of paper-based microfluidic chips. For example, the sample is volatile in the channel or in the flow process, resulting in the loss of the sample. The precision of the paper chip, as well as the sensitivity of colorimetric detection is relatively low. In addition, the sample may leak in the process of circulation. The performance of paper chip can be improved by selecting the appropriate paper substrate, reasonably designing the fluid channel and employing optimal processing method.
2.2 Fabrication of microfluidic chips
Different fabrication methods of microfluidic chips are adopted according to properties of the substrates. The surface of silicon materials can be modified by silanization to reduce “non-specific” adsorption (Wu et al., 2009; Muthusubramaniam et al., 2011). However, silicon materials also have the shortcomings such as poor light transmittance, fragility and poor electrical insulation. The process methods of silicon chip are mainly photolithography and etching (Chow et al., 2004). Due to their special surface properties, glass and quartz are difficult to be treated directly. The common processes are photoetching and lithography, which are divided into gluing, exposure, development, etching, degluing, drilling, and sealing (Nakanishi et al., 2001; Qiu et al., 2020). The application of glass and quartz chips in microfluidic devices is limited due to the high cost of micromachining, time consumption, and the requirement of a clean room in preparation process (Tang et al., 2021). The fabrication of polymer microfluidic chip mainly adopts hot pressing, moulding method, injection moulding method and so on. Only after the preparation of microchannel can the sample tube be modified, installed and sealed (Chen et al., 2001; Krishnan et al., 2004; Wu et al., 2005; Liu et al., 2009). The preparation of hydrogel microfluidic chip is significantly different from that of silicon/glass and polymer materials, which is mainly prepared by UV laser or 3D printing (Decock et al., 2018).
The preparation of paper-based microfluidic chips involves various methods to construct a hydrophilic/hydrophobic channel on the paper-based surface so that the dripping sample can flow directly through the preset channel. Initially, ultraviolet lithography was used to treat the paper and construct hydrophobic channels on the surface of cellulose paper (Martinez et al., 2007). With the development of technology, the processing methods of paper-based microfluidic chips have been greatly improved currently, which include inkjet printing, inkjet etching, wax printing, wax immersion, plasma treatment, etc., (Carrilho et al., 2009; Abe et al., 2010; Li et al., 2010a; Li et al., 2010b; Chitnis et al., 2011).
3 APPLICATION OF MICROFLUIDIC CHIP IN IMMUNOASSAY
Microfluidic chip not only realizes low reagent consumption and high throughput detection, but also has obvious advantages of easy integration and good compatibility with other technical equipment. Nowadays, microfluidic chips are widely used in bioassay. Immunoassay detects the analytes (mainly proteins) based on antibody-antigen reaction. Common immunoassay methods include enzyme linked immunosorbent assay (ELISA), radioimmunoassay, fluorescence immunoassay, chemiluminescence, etc. (Lai et al., 2018a; Lai et al., 2018b). Traditional immunoassay relies on large equipment and skilled operators, with complicated operation, expensive reagents, long assay time and low sensitivity. At the same time, with the demand increasing for real-time detection, clinical diagnosis need a high sensitivity, high accuracy, rapid, portable and real-time immunoassay method. The combination of immunoassay and microfluidic technology can greatly overcome the shortcomings of traditional immunoassay. For example, the high surface-to-volume ratio of micro-channels is able to accelerate the antibody-antigen binding to shorten the reaction time. Microfluidic immunoassay exhibits a lot of advantages such as fast response, low reagent consumption, high-throughput and portability (Zheng et al., 2020; Wang Y. et al., 2021; Reis et al., 2021; Rodriguez-Moncayo et al., 2021). Researchers have developed a variety of microfluidic immunoassay chips by combining microfluidic technology with various detection techniques such as fluorescent, chemiluminescence, surface-enhanced Raman spectroscopy (SERS), and electrochemical methods and so on.
3.1 Fluorescent microfluidic immunoassay
Among all kinds of detection methods, immunofluorescence detection is a technology with high sensitivity and easy to realize real-time diagnosis. In fluorescence immunoassays, fluorescent materials such as fluorescent dyes, quantum dots (QDs), upconversion nanoparticles (UCNPs), fluorescent microspheres, aggregationinduced emission (AIE) luminogens are labeled with antigens or antibodies to achieve quantification of analytes, which can be used in the combination of fluorescence immunoassay with microfluidic chips (Zhou L. et al., 2016; Mao et al., 2016; Zhou et al., 2017; Li et al., 2019; Tan et al., 2019; Xie et al., 2019; Ding et al., 2020; Zuo et al., 2020; Chen Y. et al., 2021; Gong et al., 2021). To improve the sensitivity of fluorescent microfluidic immunoassay, integration of nanostructures with microchannels is a promising approach. At present, ZnO has been broadly used in fluorescence immunoassays because of its fluorescence amplification ability towards biomolecular (Hu et al., 2015; Liu et al., 2016; Piguillem et al., 2020). Guo et al. grew ZnO nanowires in microfluidic channels for enhanced fluorescent detection of cancer biomarkers. Due to the increase of the binding surface area and the fluorescence amplification of ZnO nanowires, the nanostructure integrated microfluidic chip attained a LOD of 1 pg/ml and 100 fg/ml in human α-fetoprotein (AFP) and carcinoembryonic antigen (CEA) detection, respectively (Guo et al., 2018). Duan’s group designed a micro/nanostructure integrated microfluidic chip by combining ZnO nanorod arrays with in situ zeolitic imidazolate framework-8 (ZIF-8) coating for synergetic enhanced fluorescent detection. Taking advantage of the synergetic fluorescence enhancement of ZnO nanorod and ZIF-8 towards organic fluorescence labels, the microfluidic fluorescence detection of CEA exhibited a LOD as low as 0.01 pg ml−1 and a linear range of 0.01–100 pg ml−1 (Zhao et al., 2020). Furthermore, they proposed a rhombus-like Zn(OH)F array-based microfluidic device for fluorescence detection of human epididymis-specific protein 4 (HE4). The results showed that the fluorescence enhancement factor of the Zn(OH)F arrays toward Cy3 is approximately 4-fold that of the ZnO nanorod arrays, with a LOD of 9.3 fM and a linear range of 10 fM to 100 pM (Figure 1) (Zhao et al., 2021).
[image: Figure 1]FIGURE 1 | Zn(OH)F array-based microfluidic fluorescence assay (Zhao et al., 2021).
High throughput is an important developing direct for bioassay. To achieve high throughput immunoassay, Duan et al. combined fluorescence detection with microfluidic chips for rapid semi-quantitative detection of serum biomarker mesothelin, which allowed the simultaneous measurement of four samples with three repeats (Duan et al., 2019). Qiu et al. developed a fluorescent microfluidic immunoassay biochip based on self-assembly of Lys-AuNPs@MoS2 nanocomposites with large contact surface, excellent stabilities and multiple binding sites (Figure 2). In this system, 60 samples such as inflammatory factors and cardiovascular biomarkers were simultaneously detected within 40 min with a limit of detection (LOD) of several to tens pg/mL (Qiu et al., 2022).
[image: Figure 2]FIGURE 2 | Schematic diagram of immunoassay microfluidic chip based on Lys-AuNPs@MoS2 substrate. (A) Self-assembly of the Lys-AuNPs@MoS2 substrate. (B) Mechanism of microfluidic incubation.
Roberto et al. developed a microfluidic device with a button valve located on each microchamber (Figure 3). Fluorescence signals were measured for four types of severe acute respiratory syndrome coronavirus 2 (SARS-COV-2) immunoglobulin in parallel from 50 serum samples, achieving a sensitivity of 95% and a specificity of 91%. In the third week after the onset of symptoms of COVID-19 infection, the sensitivity and specificity can reach 100% when assessing the serums of patients (Rodriguez-Moncayo et al., 2021).
[image: Figure 3]FIGURE 3 | Microfluidic device using MITOMI for COVID-19 antibody detection (Rodriguez-Moncayo et al., 2021).
Although with high sensitivity, the fluorescence signals of fluorescent microfluidic immunoassay are usually collected by fluorescence microscope or scanner. The application of these large instruments will increase the experimental cost and affect the portability of microfluidic devices. Therefore, the miniaturization of fluorescent microfluidic device is a goal to realize the whole process of sample pretreatment, immunobinding reaction and fluorescence signal collection on the chip, so as to realize the portable microfluidic immunofluorescence analysis system.
3.2 Chemiluminescent microfluidic immunoassay
The chemiluminescence immunoassay (CLIA) which combine chemiluminescence detection with a specific immunosorbent assay is widely used in clinical diagnostic (Zhou B. et al., 2016; Yao et al., 2016). The conventional CLIA is limited by the requirement of large equipment, cumbersome operation process, and high consumption. Integration of CLIA with microfluidic chip is promising to offer a simple, low reagent consumption and inexpensive platform for immunoassay, and promote high throughput screening and POCT diagnostics. Huang et al. developed an active droplet-array (ADA) microfluidics-based CLIA system for procalcitonin detection, which consists of a compact microchip analyzer and microfluidic chips with preloaded reagents. The detection can be completed automatically in 12 min, with a LOD of 0.044 ng ml−1 and a detection range from 0.044 to 100 ng ml−1 (Huang et al., 2022). Smartphone-enabled microfluidic CLIA is a promising portable system for POC applications, but it is suffered from the rather weak chemiluminescent light emitted from a limited sample volume in the microchannel when using the smartphone as a detector. Chen et al. proposed a novel acoustic streaming tweezers-enabled microfluidic CLIA (Figure 4). In this design, probe particles were enriched and the biomarker capture capability was enhanced under high-speed microscale vortexes, which increased the local chemiluminescent intensity and enable the direct capture of light signal by a common smartphone camera. The system reached a LOD of 0.2 ng/ml and a large linear range from 0.3 to 10 ng/ml for prostate-specific antigen (PSA) detection (Chen X. et al., 2021).
[image: Figure 4]FIGURE 4 | Acoustically enhanced microfluidic smartphone detection platform. (A) The platform enhances biomolecular binding and enriches the formed immunocomplexes simultaneously. (B) The opposite Eckart streaming and external flow determine the size of the vortex and the compactness of the particles in the vortex. (C) The interactions between reagents were enhanced by streaming and particle trapping, washing, reaction, and sensing are achieved on the same chip at continuous flow.
Up to now, multiplex CLIA for sensitive and simultaneous detection of biomarkers still remains a great challenge. Two strategies of CL multiplex microfluidic immunoassay in one detection run have been reported, including temporal-resolved and spatial-resolved detection. For temporal-resolved CLIA strategy, solution migration delays are created in microfluidic paper-based analytical devices (μPADs) to generate temporal-resolved CL signals for multiplex analysis. For spatial-resolved CLIA strategy, spatial-resolved CL arrays were fabricated by spotting different antibodies at defined positions for simultaneous determination, and the CL imaging signals are recorded simultaneously by a cooled low-light charge-coupled imaging device (CCD). Cui’s group developed a CLIA strategy for simultaneous detection of copeptin, heart-type fatty acid binding protein (h-FABP), and cardiac troponin I (cTnI) by using Co2+/N-(aminobutyl)-N-(ethylisoluminol) (ABEI) functionalized magnetic carbon composite (Co2+-ABEI-Fe3O4@void@C) as an interface and a three-dimensional paper-based analytical devices as a detection system (Figure 5). The antigen (Ag) were captured by the antibody on the sensing interface to increase CL intensity due to the catalysis of −COO–existing in Ag. After injecting H2O2, three time-resolved CL signals were generated in one CL detection run by virtue of time-delayed transport of H2O2 to different detection zones. The detection limit of copeptin, h-FABP, and cTnI was 0.40 pg/ml, 0.32 pg/ml, and 0.50 pg/ml respectively, which is at least one order of magnitude lower than most of the reported immunoassays (Yang et al., 2019).
[image: Figure 5]FIGURE 5 | Schematic illustration of multiplex CLIA based on Co2+-ABEI-Fe3O4@void@C and 3D µPAD (Yang et al., 2019).
Furthermore, they reported a temporal-spatial-color multi-resolved CL imaging method for multiplex immunoassay using a smartphone coupled with a microfluidic chip, which was performed by sequentially transporting coreactant H2O2 to the detection zones to initiate cobalt-based zeolitic imidazolate frameworks ZIF-67 catalyzed luminol-H2O2 CL and CL resonance energy transfer reactions (Li et al., 2020). The strategy was applied for multiplex analysis of three cancer biomarkers with a low LOD of pg/mL to fg/mL, good selectivity, and low-cost.
CLIA based on µPADs has become an attractive method because of its simplicity, high sensitivity, and high compatibility. However, sandwich-type CLIA need two antibodies and labeling technology, which suffers from multistep reactions and purifications, resulting in complex operation, high cost and long analytical time. Thus, It’s still challengeable to meet the requirement of rapid clinical diagnosis.
3.3 SERS-based microfluidic immunoassay
SERS detection is a powerful spectroscopy technology by providing ultrasensitive and intrinsic chemical fingerprint information (Liu et al., 2018; Zuo et al., 2018). SERS-based assays are promising methods for immunoassays due to their rapid and sensitive analytical capabilities. SERS has inherent advantages over fluorescence, including minimal photobleaching effect, wide excitation wavelength range, and multiplexing capability (Gao et al., 2016). To achieve rapid immunoassay and reproducible SERS signals, SERS-based microfluidic chips have been developed to improve the performance of immunoassay, which involve of continuous microfluidic system and microdroplet microfluidics. The most common serial microfluidic immunoassays are performed in microfluidic channels ranging in size from 10 to 1,000 μm. Microfluidic channels can be analyzed in parallel with multiple samples simultaneously. Combined with SERS technology, microfluidic immunoassays can improve the performance of immunoassays in terms of sensitivity, response time, throughput, and overall cost (Wang et al., 2017). In continuous microfluidic system, the samples and reagents continuously flow in the microchannel. Choo’s group designed a SERS-based microfluidic immunoassay platform by combining a gradient microfluidic device with gold-patterned microarray wells (Figure 6) (Lee et al., 2012). A 5*5 gold microarray was embedded in the micro-channel to form sandwich immunocomplexes for SERS detection. They also utilized magnetic beads to form magnetic immunocomplexes which were trapped by yoke-type solenoids embedded within the microfluidic device. The SERS-based competitive immunoassay was performed within a microfluidic environment and the SERS signals of anthrax biomarker poly-γ-D-glutamic acid (PGA) were detected with a LOD of 100 pg/ml (Gao et al., 2015). Automating the immunoassay process in microfluidic channels increases the efficiency and control of manual operations. Recently, Li et al. reported a “magnetic focused” microfluidic immunoassay in which nanoprobes are magnetically focused to specific points in the microfluidic channel, enabling the enrichment of “hot spots” for SERS detection targeting carcinoembryonic antigen with a detection limit of 0.1 pM, achieving high sensitivity (Li et al., 2015). In addition, Kaminska et al. developed a gold-silver coated gallium nitride substrate as a novel immunofixation platform, which improved the efficiency of SERS-based microfluidic immunoassays and achieved a low detection limit of 0.01 IU/ml for hepatitis B virus antigen (Kaminska et al., 2015).
[image: Figure 6]FIGURE 6 | Schematic diagram of a gold array-embedded gradient chip for the SERS-based immunoassay. The illustrations in the enlarged circles represent the formation of sandwich immunocomplexes on the surface of 5*5 round gold wells embedded in the gradient channel (Lee et al., 2012).
To reduce the sensor size and improve the portability of microfluidic sensor, Gao et al. proposed a novel pump-free microfluidic system for SERS-based immunoassay which applied a capillary pump to replace heavy syringe pump in conventional microfluidic system. Using this chip for rapid analysis of PSA biomarker, the LOD is estimated to be below 0.01 ng ml−1, with a good linear response in the range from 0.01 to 100 ng ml−1 (Gao et al., 2019). Furthermore, they developed another pump-free SERS-microfluidic chip for the simultaneous detection of creatine kinase MB isoenzyme (CK-MB) and cardiac troponin (cTnI) cardiac markers. In this study, the patterned SERS paper substrate was fabricated and then in-situ synthesized AuNPs on paper microchannel. The 3D fibre structure provided the capillarity force and compacted AuNPs deposition scaffold for sample flow and highly sensitive SERS detection, which simultaneously detected the concentrations of two cardiac markers ranging from 0.01 to 50 ng/ml (Gao et al., 2022).
Unlike the continuous microfluidic systems, the microdroplet microfluidics focuses on creating discrete microdroplet by utilizing immiscible phases. Droplet microfluidic systems perform miniaturization reactions by separating reaction components into discrete microliters to picoliter volumes (Berry et al., 2019). It enables fast and high-throughput analysis without increasing the complexity and size of microfluidic chips. The advantages offered by this platform include reduced reagent consumption, precise control of reaction time, and the ability to synthesize highly homogeneous micro/nanostructures. Droplet microfluidics can be combined with SERS technology for fast and reproducible analysis. To date, the droplet SERS platform has been used in a variety of biochemical applications (Wang et al., 2017). Gao et al. reported a novel wash-free SERS-based microdroplet sensor for sensitive immunoassay of PSA biomarker (Figure 7). In this strategy, a magnetic bar was embedded in the microfluidic system to split droplets into two parts: one magnetic immunocomplexes and the other the free SERS tags. The presence of PSA target lead more SERS tags to immunocomplex in one droplet so that the SERS signals were able to be measured for quantitative evaluation of PSA marker. The SERS signals were measured at 174 droplets/minute and the LOD was estimated to be below 0.1 ng/ml (Gao et al., 2016).
[image: Figure 7]FIGURE 7 | Schematic illustration of the SERS-based microdroplet sensor for wash-free magnetic immunoassay (Gao et al., 2016).
The emerging of novel techniques promotes the development of microfluidic immunoassay chips. Wang et al. proposed an immunoassay method based on a novel digital microfluidics (DMF) and SERS for detection of disease biomarkers (Figure 8). Based on the principle of electrowetting on dielectric, droplets were individually driven to transport, merge, split, and dispense from reservoirs by applying electrical potentials to an array of electrodes, which greatly simplified the analysis process while reducing the risk of exposure to hazardous samples. Compared with the standard ELISA method, DMF-SERS method has high sensitivity (LOD 74 pg/ml) and good selectivity (Wang et al., 2018).
[image: Figure 8]FIGURE 8 | Schematic diagram of SERS immune analysis by DMF. (A) Illustration of DMF-SERS method and bottom plate of DMF chip. (B) Two characteristic Raman peaks of 4-MBA at 1071 cm-1 and 1580 cm-1. (C) Side view of DMF chip containing a droplet with magnetic beads. (D) Immunocomplex functionalized with SERS tags on magnetic beads.
SERS based microfluidic chips provides an ideal mechanism for achieving homogeneous mixing, spatially defined detection areas, sensitive and reproducible measurements with low sample consumption. Because of the larger size of Raman detector, the miniaturization of SERS based microfluidic device is a challenge to achieve POCT immunoassay.
3.4 Electrochemical microfluidic immunoassay
Electrochemical detection integrated with microfluidic devices are promising for immunoassay due to the benefits such as low sample consumption, low detection limit, and rapid, simple and portable assay (He et al., 2018a; Yang G. et al., 2018; Lai et al., 2019; Xie et al., 2020; He et al., 2021; Schmidt-Speicher and Länge, 2021; Wang et al., 2022). To improve the sensitivity of electrochemical microfluidic immunoassay, surface modification of electrodes in the microchannels are widely used in order to increase the surface area and binding ability (He et al., 2015; He et al., 2018b; Ning et al., 2018; Deng et al., 2021a; Deng et al., 2021b; Zhang et al., 2021). MatÃas et al. produced a gold nanoporous structure on the gold electrode in the microchannel by using dynamic hydrogen bubble template (DHBT) method, which obtained outstanding properties, like high specific surface area, large pore volume, good conductivity, and excellent electrochemical activity. The selectivity and sensitivity of the sensor were improved, achieving a LOD of 30 pg ml−1 and a variation coefficient less than 4.75% for the detection of SOX-2 cancer biomarker (Regiart et al., 2020). Jofre et al. reported an electrochemical microfluidic immunosensor by modifying the gold electrode with an ordered mesoporous carbon in chitosan to increase the sensitivity of detection (Jofre et al., 2020). Zhang et al. proposed a miniaturized electrochemical microfluidic immunosensor for interleukin-6 (IL-6) detection. The electrode was modified with gold nanoparticles and graphene to increase surface area, and magnetic beads were employed to concentrate immunoassay on the electrode (Figure 9). This magneto-immunosensor achieved a LOD of 0.42 pg/ml and a linear range from 0.97–250 pg/ml (Zhang C. et al., 2022).
[image: Figure 9]FIGURE 9 | Microfluidic electrochemical magnetoimmunosensor based on hybrid of AuNPs and graphene (Zhang C. et al., 2022).
The advantages of electrochemical microfluidic devices such as being small and portable make them becoming the powerful candidates to construct POCT platform. In these devices, graphene oxide (GO) is usually coated on the electrodes using a screen-printing technique, which is beneficial to the covalent immobilization of proteins. Baldo et al. developed a disposable electrochemical microfluidic device (DEμD) for ultrasensitive detection of ovalbumin (OVA) in wine (Figure 10). In the DEμD, 8 GO-based working electrodes (8-WEs) integrated with horseradish peroxidase (HRP) and anti-OVA antibody modified magnetic beads to achieve sandwich assay. The magneto-immunoassay obtained a ultralow LOD of 0.2 fg ml−1 and a wide linear range of 0.01∼10 pg ml−1 for OVA detection, which allows eight simultaneous detections per device (Baldo et al., 2021).
[image: Figure 10]FIGURE 10 | Schematic illustration of DEμD for OVA detection in wine samples (Baldo et al., 2021).
Paper-based analytical devices have the advantages of low cost, portable, eco-friendly, and high-throughput manufacturing, which makes it become an ideal alternative for POCT (Lim et al., 2019; Ruecha et al., 2019; Gutierrez-Capitan et al., 2020). Nowadays, microfluidic paper-based analytical devices (μPADs) integrated with electrochemical detection have been developed as typical POCT devices for immunoassay (Cate et al., 2015; Yuan et al., 2022). In electrochemical μPADs (Figure 11), samples flow through the micro-channel and the working electrode driven by the capillary. The target molecules are captured by the probes on the electrode and the electrochemical signals are detected (Yuan et al., 2022).
[image: Figure 11]FIGURE 11 | The operational principle of electrochemical μPADs (Yuan et al., 2022).
Cao et al. structured electrochemical μPADs for the detection of Human Chorionic Gonadotropin (HCG) based on the standard sandwich immunoreaction (Cao et al., 2017). Ruecha et al. developed a label-free electrochemical μPAD immunosensor in which the screen-printed electrodes were modified with polyaniline/graphene nanocomposites to provide high conductivity and large surface area, which obtained a LOD of 3.4 pg ml−1 and a linear range of 5–1,000 pg ml−1 for detection of human IFN-γ (Ruecha et al., 2019). For multiplex analysis, Wang et al. developed a multi-parameter μPAD for simultaneous detection of carcinoembryonic antigen (CEA) and neuron-specific enolase (NSE) (Yang et al., 2019). Fava et al. proposed a high-throughout μPAD based on 16 independent microfluidic channels for glucose determination in urine (Figure 12), obtaining a LOD of 3 × 10−5 mol L−1 and a linear range from 1.0 × 10–4 mol L−1 to 4 × 10−2 mol L−1 (Fava et al., 2019).
[image: Figure 12]FIGURE 12 | Schematic representation of multiplex μPAD based on 16 electrodes (Fava et al., 2019).
Electrochemical microfluidic devices provide an attractive strategy with low reagent consumption, sensitivity, ease of handling, cost-effectiveness, rapid analysis and miniaturization ability. Based on the simplicity of electrochemical detection, electrochemical microfluidic immunoasssay are promising in the development of POCT and multiplex detection devices.
In summary, different platforms have their own characteristics. Here, we list the representative configurations of each platform, including its detection mechanism, instrumentation, application, and detection limits, in Table 1 for a clear comparison.
TABLE 1 | Different immunoassay applications based on microfluidic chips.
[image: Table 1]4 CONCLUSION
In recent years, microfluidic chip technology has been applied across many fields and disciplines, and biomedical applications are one of the focuses of current researches. The advantages brought by the unique physical and chemical properties of reactions in microchannels continue to promote the development of microfluidic chip technology. In this review, microfluidic chip technology is summarized from the aspects of chip materials, preparation technologies and applications in immunoassay. The emergence of new materials has improved some of the performance of microfluidic chip, but there are also some shortcomings which can not completely replace the earlier materials. In the future, the material development of microfluidic chips should fully consider the precision of processing technology, the processing cost and the ease of mass production. With the advantage of good compatibility with other detection techniques, the development of microfluidic chip should focus on integrated, automated, miniaturized and high throughput equipment. One obvious developing trend is portable microfluidic devices, which is great potential in POCT detection of biological samples with low consumption, real-time monitoring, simple operation and low cost. In addition, the designs of simultaneous detection of multiple biomarkers will be popular in the application of microfluidic chip as biosensor. With the rapid development of microfluidic devices, single performance microfluidic chip could not meet the current demand. The application of diverse and multifunctional manufacturing technologies is urgent, which requires not only the innovation of microfluidic chip materials, but also the integration of various technologies such as microfluidics and microelectronics. The multidisciplinary nature of microfluidic technology requires continuous and coordinated development between different fields. In addition, the actual sample analysis by microfluidic chip, such as sample input and pretreatment, still face the challenge. With the progress of various technologies and further research, microfluidic chips are of great potentials in commercial applications in the field of biological detection.
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Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and Clustered Regularly Interspaced Short Palindromic Repeats-Associated Proteins (CRISPR-Cas) have promising prospects in the field of nucleic acid molecular diagnostics. However, Clustered Regularly Interspaced Short Palindromic Repeats-based fluorescence detection technology is mainly hindered by proteins with conjugated double bonds and autofluorescence, resulting in high fluorescence background, low sensitivity and incompatible reaction systems, which are not conducive to automatic clinical testing. Chemiluminescence (CL) detection technology has been applied mainly owing to its greatly high sensitivity, as well as low background and rapid response. Therefore, we developed a rapid, ultrasensitive and economical detection system based on Clustered Regularly Interspaced Short Palindromic Repeats-Clustered Regularly Interspaced Short Palindromic Repeats-Associated Proteins 13a combined with magnetic beads (MBs) and chemiluminescence (CL) (Cas13a-MB-CL) to detect Influenza A (H7N9), an acute respiratory tract infectious disease. The carboxyl functionalized magnetic beads (MBs-COOH) were covalently coupled with aminated RNA probe while the other end of the RNA probe was modified with biotin. Alkaline phosphatase labeled streptavidin (SA-ALP) binds with biotin to form magnetic beads composites. In presence of target RNA, the collateral cleavage activity of Cas13a was activated to degrade the RNA probes on MBs and released Alkaline phosphatase from the composites. The composites were then magnetically separated followed by addition of ALP substrate Disodium 2-chloro-5-{4-methoxyspiro [1,2-dioxetane-3,2′-(5′-chloro) tricyclo (3.3.1.13,7) decan]-4-yl}-1-phenyl phosphate (CDP-star), to generate the chemiluminescence signal. The activity of Associated Proteins 13a and presence of target RNA was quantified by measuring the chemiluminescence intensity. The proposed method accomplished the detection of H7N9 within 30 min at 25°C. When combined with Reverse Transcription- Recombinase Aides Amplification (RT-RAA), the low detection limit limit of detection was as low as 19.7 fM (3S/N). Our proposed MB-Associated Proteins 13a-chemiluminescence was further evaluated to test H7N9 clinical samples, showing superior sensitivity and specificity.
Keywords: H7N9, magnetic beads, LwCas13a, reverse transcription-recombinase aided amplification, chemiluminescence
1 INTRODUCTION
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-Associated Proteins (CRISPR-Cas)-based diagnostics have revolutionized in the field of nucleic acid molecular diagnostics (Abudayyeh et al., 2016; Gootenberg et al., 2017; Chen et al., 2018; Khan et al., 2019; Srivastava et al., 2020). Different types of promising CRISPR-Cas based system can combine fluorescence to achieve signal amplification (Abudayyeh et al., 2017; Liang et al., 2019; Peng et al., 2020). However, proteins have conjugated double bonds along with spontaneous fluorescence, thus having a high background (Chang et al., 2019; Guindani et al., 2019). And incompatible reaction systems often need to combine microfluidic or manually open the lid to take samples from the first step reaction, which is not conducive to clinical large-scale sample screening. (Peng et al., 2020; Wang et al., 2020; Zhou et al., 2022).
Chemiluminescence (CL) detection technology has completely avoided the shortcomings of high fluorescent signal background and easy to quench, which is becoming the most important area of biological analysis research and development (Yang et al., 2014; Huang; Zhang et al., 2021; Hu et al., 2022; Liu et al., 2022; Zhao et al., 2022). Also, the CL signal of antibody joint with typical horseradish peroxidase (HRP), Alkaline phosphatase (ALP) and magnetic beads (MBs) platforms have been perfectly employed to commercialized immunoassay diagnosis kits and effectively solving clinical problems (Huang; Speletas et al., 2020; Huang et al., 2019). Besides, methods for using CRISPR-Cas13a combined with CL and MBs have not been reported yet, so it is necessary to use CL with CRISPR-Cas13a to improve sensitivity also low the background.
Avian influenza A (H7N9) virus is classified into subtypes based on two surface proteins, namely Hemagglutinin (HA) and Neuraminidase (NA). It is a new recombinant virus which has the ability to bind to human receptors, and can invade the epithelial cells of human lower respiratory tract and lung cells, and in mammals (Zhou et al., 2013). Since human H7N9 infection was first discovered in 2013, there have been five human infections in China (Chen et al., 2013; Gao et al., 2013). Influenza caused by H7N9 virus has the characteristics of short incubation period and high mortality, which seriously threatens the safety of human life (Gao et al., 2013). Early diagnosis is very important to control the spread of diseases, improve the prognosis of patients and reduce medical expenses. The detection of H7N9 virus mainly includes three methods: 1) virus isolation and culture; 2) Detection of relevant antigens in serum (such as the detection of antigens by ELISA) (Yu et al., 2017); 3) the detection of viral nucleic acid. In recent years, H7N9 virus has been mainly detected by nucleic acid in clinical practice. The conventional nucleic acid detection method is quantitative reverse polymerase chain reaction (RT-qPCR) (Yang et al., 2018). However, it is difficult for grass-roots hospitals to meet the requirements due to the need for specific testing equipment, long time consuming, need of trained operators and special planning of the laboratory. Therefore, it is necessary to establish a reliable, sensitive and rapid H7N9 virus detection system.
In this study, we established a method for detecting H7N9 by recording the chemiluminescence signals of ALP utilizing RT-RAA-Cas13a-MB-CL to amplify nucleic acids. The schematic process can be seen in Scheme 1, a 5′-end amino-modified and 3′-end biotin-modified RNA probe was labeled on a carboxyl functionalized MB (MBs-COOH) by a condensation chemical reaction, and coupled with alkaline phosphatase labeled streptavidin (ALP-SA) to form MB-RNA-ALP complexes. Only when the target RNAs are present, CRISPR RNA (crRNA) of Cas13a binds and activates the collateral cleavage activity of Cas13a to cleave MB-RNA-ALP complexes and release ALP. Then, the solution was separated via external magnetic fields, followed by addition of ALP substrate in the supernatant to generate a chemiluminescence signals. When combined with Reverse Transcription- Recombinase Aided Amplification (RT-RAA) to amplify target RNA, this method showed superior sensitivity and specificity in short times.
[image: Scheme 1]SCHEME 1 | Schematic illustration of RT-TAA-Cas13a-MB-CL platform for the detection of nucleic acids. Target RNA was amplified with RT-RAA. The aminated RNA probes were coupled to MBs-COOH and through biotin conjugation SA-ALP. In addition, Cas13a bound target RNA under the guidance of crRNA degrading RNA probes and releasing ALP. CL signals were generated when added CDP-Star.
2 MATERIALS
2-morpholinoethanesulfonic acid monohydrate (MES), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC·HCl), sodium chloride (NaCl), Tween-20, magnesium chloride (MgCl2), peptone, yeast powder, agarose powder, ampicillin (Amp) and ALP-SA were purchased from Dalian Meilun Biological Technology Co., Ltd. (Suzhou, China, http://www.meilune.com). Tris-base, Tris hydrochloric acid (Tris HCl), Isopropyl β-d-1-thiogalactopyranoside (IPTG) and 4-hydroxyethyl piperazine ethanesulfonic acid (HEPES) were supplied by Sigma-Aldrich (St. Louis, United States, https://www.sigmaaldrich.com). Dynabeads® MyOne™ Carboxylic Acid (Life Technologies, United States) and HiScribe T7 Quick High Yield RNA Synthesis kit (New England Biolabs) were also used. RT-RAA nucleic acid amplification kit was purchased from Jiangsu Qitian Gene Biotechnology Co., Ltd. (Wuxi, China, http://www.qt-bio.com). The RNA probes and H7N9 gene were synthesized by was purchased from GenScript Biotech Co., Ltd. (Nanjing, China, https://www.genscript.com.cn/quick_order_menu.html). All the oligonucleotides (Sup. Table 1) and diethylpyrocarbonate (DEPC) treated water were obtained from Sangon (Shanghai, China, https://www.sangon.com). The pC013-Twinstrep-SUMO-huLwCas13a (Addgene plasmid #90097) was provided by Zhang Feng’s laboratory. CDP-Star was served by Sysmex Corporation (Japan, https://www.sysmex.com.cn). All chemical reagents used in the study were of analytical grade and all solutions were prepared with DEPC treated water. All the hemagglutinin (HA) and neuraminidase (NA) sequences of H7N9 used in the present study were downloaded from the NCBI (National Center for Biotechnology Information), and the sequences of RNA probe, crRNA and H7N9 virus and other control viruses, including seasonal influenza viruses (A/H1N1 and A/H3N2), 2009 swine-origin influenza virus A/H1N1, and avian influenza viruses (A/H5N1 and A/H9N1) were donated by Jiangsu Provincial Center for Disease Prevention and Control are shown in Sup. Table 1. And nuclease assay buffer (NAB) was prepared using 20 mM HEPES, 60 mM NaCl, 6 mM MgCl2, pH 6.8.
2.1 LwCas13a protein expression and purification
Extraction of PCO13-Twinstrep-SUMO-huLwCas13a-plasmid used the Plasmid Mini Kit (OMEGA). 50ng of plasmids were then transferred into E. coli competent cells BL21 (Cwbiotech). After transformation, 100 μL of dilutions of cells were plated on ampicillin (Amp) and Luria-Bertani (LB)-agar plate and incubated overnight at 37°C. The next day, a single colony was picked and plated in a 10 ml of LB medium (Containing 100 μL of Amp), which was used to inoculate 1 L of LB medium and shook overnight at speed of 220 r/min until the OD600 was 0.6 at 37°C. At this time, LwCas13a protein expression was induced by supplementation with IPTG to a final concentration of 500 μM. The culture was maintained at 16°C for 16 h, and the cells were then centrifuged at 4,500 g for 10 min at 4°C. Considering the stability of the Cas13a protein, all steps of protein purification were carried out at 4°C. After centrifugation, the cell pellet was harvested and resuspended in lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 1 mM DTT, pH 7.4). Then, protease inhibitor (MCE) and lysozyme were added, followed by sonication (JX-650, Shanghai, China) with following conditions: 200 W of power, ultrasonic 2.5 s and 10 s of pause for 30 min. Centrifugation was carried at 10,000 g for 60 min at 4°C and filtered the supernatant through a 220 nm filter (Sterile Millex). The filtered supernatant was applied to a 5 ml HisTrapHP nickel ion affinity column (GE Healthcare Life Sciences) via Fast protein liquid chromatography (FPLC) (AKTA PURE, GE Healthcare Life Sciences). Then the protein bound column was washed three times using a buffer (20 mM Tris-HCl, 500 mM NaCl, 30 mM imidazole, pH 7.4). About 250 Units of SUMO protease (ThermoFisher) was then loaded onto the column and incubated overnight at 4°C with rotation. Finally, the column was washed with lysis buffer again and the collected solution was analyzed by 12% SDS-PAGE. Fractions containing pure LwCas13a were pooled and exchanged the buffer via a Millipore centrifugal ultrafiltration tube (Amicon Ultra) to a storage buffer (600 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5% glycerol, 2 mM DTT). The final product was stored at −80°C.
2.2 Preparation of RNA standard and crRNA
Plasmid containing the HA or NA gene of the H7N9 virus was amplified using PrimeSTAR Max DNA Polymerase (TaKaRa), and then purified using a SanPrep PCR product purification kit (Sangon Biotech). Purified dsDNA was incubated with T7 polymerase overnight at 37°C using HiScribe T7 Quick High Yield RNA Synthesis Kit (New England Biolabs). The RNA was purified by RNA rapid concentration and purification kit (Sangon Biotech) and quantified by One drop (American Thermal Power Corporation) to prepare a gradient RNA standard solution. The crRNA was designed based on the target RNA sequence. Two complementary crRNA-DNA primers (with an appended T7 promoter sequence) were annealed with final concentration 10 μM. Then the dsDNAs were transcribed to crRNA, using the HiScribe T7 Quick High Yield RNA Synthesis kit (New England Biolabs).
2.3 Preparation of MB-RNA-ALP complexes
Taking 10 mg/ml carboxylated MBs was stored in a refrigerator at 4°C, followed by vortex on a vortex shaker for 5 min to mix the MBs. 100 μL of the mixed MBs were then washed twice with 1 ml of 100 mM MES buffer, resuspended in 800 μL of MES buffer. Then an appropriate amount of 1.25 M EDC and RNA probe were added to make a total volume of 1 ml, rotating and incubated overnight at 4°C. The next day, after blocking the MBs twice with 1 ml of TT buffer (0.25 M Tris, 0.01% Tween -20, pH 8.0, 30 min per round of incubation), the MBs were resuspend with 1 ml of NAB. At last, ALP was added (according to the volume ratio of ALP:MBs = 1:10) to the MBs and rotating for 1 h. The MB-RNA-ALP complexes were washed twice with 1 ml of TT buffer and stored in TT buffer at 4°C.
2.4 Chemiluminescent detection of MBs composites to verification of LwCas13a activity
For each test, 2 μL of primary MBs were added to the reaction solution (11.25 nM purified LwCas13a, 22.5 nM crRNA, 10 nM target RNA, 1 μL of murine RNase inhibitor (New England Biolabs), 100 ng of background total human RNA (purified from human PBMC), supplemented with NAB to 50 μL) and mixed on a roller mixer for 30 min. The activated LwCas13a cleaved the RNA probe and the ALP was released from the MB-RNA-ALP complexes. Non-target RNA or non-Cas13a protein served as a negative control (NC) in the detection system, and MBs complexes supplement 50 μL of NAB buffer served as background value. At the same time, MB-RNA-ALP complexes were incubated with RNase acting as a positive control, to confirm that the ALP could release from complexes and act as a signal molecule. After magnetic separation, 30 μL of the reaction solution and ALP substrate were incubated in a 96-well microplate format and the CL signal value was recorded using a microplate reader (SpectraMax M5) at 42°C for 15 min.
2.5 HA or NA gene RNA detection with Cas13a-MB-CL system
About 1 μL of mouse RNase inhibitor, 11.25 nM purified LwCas13a, 22.5 nM crRNA, 100 ng of background total human RNA and various concentrations of target RNA were mixed with MBs complexes and were further supplemented with NAB buffer to a final volume of 50 μL for HA RNA and NA RNA detection.
2.6 H7N9 detection with RT-TAA-Cas13a-MB -CL system
Improved detection assays were performed with RT-RAA nucleic acid amplification kit (Qitian Gene Biotechnology) and HiScribe T7 Quick High Yield RNA Synthesis kit (New England Biolabs) as follows: 0.48 μM forward primer, 0.48 μM reverse primer, 14 mM magnesium acetate anhydrous, 12.5 μL mM rNTP, 2.5 μLT7 Mix, various concentrations of target RNA, 2 μL murine RNase inhibitor and 25 μL Basic E-mix to 50 μL final volume. After completing optimization of the RT-RAA amplification system for the cleaving system, MB-RNA-ALP complexes were added into the reaction solution (11.25 nM purified LwCas13a, 22.5 nM crRNA, 1 μL RNase inhibitor, 100 ng RNA purified from human PBMC and various concentration gradients of the RT-RAA amplification products of HA RNA) and replenished with NAB buffer 50 μL to a final volume of 50 μL for HA RNA and NA RNA detection.
2.7 Specificity and clinical sample testing
H7N9 virus samples and other viruses samples, including seasonal influenza viruses (A/H1N1 and A/H3N2), 2009 swine-origin influenza virus A/H1N1, and avian influenza viruses (A/H5N1 and A/H9N1) donated by Jiangsu Provincial Center for Disease Prevention and Control were tested after amplification by RT-RAA. The testing was conducted using the same procedure as described in Section 2.6.
3 RESULTS AND DISCUSSION
3.1 LwCas13a protein expression and purification
In our study, based on the structural features of PCO13-Twinstrep-SUMO-huLwCas13a-plasmid, the LwCas13a protein was purified by the SUMO enzyme. The molecular weight of LwCas13a containing the SUMO site and the marker protein was 155.2 kD, but it was 138.5 kD after digestion with SUMO enzyme. LwCas13a expressed in E. coli was analyzed by SDS-PAGE. Coomassie blue stained gel results showed that the IPTG significantly induced the production of Cas13a protein in E. coli (Figure 1A, lane 2). The bacterial solution after IPTG induction was collected, centrifuged, and the cell pellet was disrupted by sonication and centrifuged again. SDS-PAGE analysis was performed on disrupted cell supernatant and cell pellet. It was found that the LwCas13a was mainly present in the supernatant (Figure 1A, lane three and 4). Because the LwCas13a protein contains a His-tag, we used nickel ion affinity chromatography to adsorb water-soluble proteins. A protein without multiple consecutive histidine was eluted from the column by the wash buffer, while LwCas13a was still on the column, and then the SUMO site in LwCas13a was digested with SUMO enzyme, and the LwCas13a lost 6 × His was easily eluted from the column by lysis buffer, pointed by the black arrow (Figure 1B, lane 3). By this purification method a highly pure LwCas13a protein can be obtained.
[image: Figure 1]FIGURE 1 | LwCas13a protein expression, purification and verification. (A) The expression of LwCas13a protein. M, marker; lane 1, E. coli wasn’t induced by IPTG, lane 2, IPTG induced E. coli overnight; lane 3, precipitation of broken cells; lane 4, supernatant of broken cells. (B) The purification of LwCas13a protein. M, marker; lane 1, supernatant of broken cells; lane 2, flow-through treated with SUMO enzyme. Lane 3, Eluent. (C) Verification of LwCas13a activity.
3.2 Chemiluminescent detection of MBs composites to verification of LwCas13a activity
RNase A can degrade RNA probes, so we used RNase A as a positive control to verify the RNase activity of LwCas13a. As shown in Figure 1C, the CL intensity increased with time and became stable after 10 min approximately. The CL intensity of positive sample (10 nM) was evidently higher than that of negative control (no target HA RNA or LwCas13a) and the blank, which indicated that Cas13a could non-specifically cleave RNA probes by binding the target RNA and its corresponding crRNA.
3.3 Optimization of experimental parameters
Given the non-specific absorption and steric hindrance effect, the density of probes on the surface of MBs may also affect the cleavage of RNA probes by Cas13a protein. About 1 mg MB and five different concentrations of RNA probes (0.1, 0.2, 0.4, 0.6 and 0.8 nM) were used to determine their effect on the CL intensity. We used 10 nM target RNA to activate Cas13a. Figure 2A showed that the CL intensity increased as the probe concentration increased. However, considering the positive judgment criterion, according to Figure 2A, there was a maximum S/N value at 0.4 nM, so 0.4 nM could be proposed as optimal concentration of RNA probes for the modification of MBs. The reaction temperature was investigated as a factor that may affect the cleaving efficiency of Cas13a. A temperature gradient (4, 18, 25, 37°C) was set to test the effect of the reaction temperature on the CL intensity. Figure 2B illustrated that as the temperature increased, the CL intensity increased, but the negative control and blank also increased. According to the change of S/N value, 25°C was selected as the optimal reaction temperature. Reaction time is another factor that affects the cleaving efficiency of Cas13a. A hybridization time gradient (10, 20, 30, 60, 90 min) was established to examine its effect on CL intensity. Figure 2C showed that in the range of 10–30 min, the CL intensity significantly increased with increased hybridization time and the CL intensity gradually stabilized after 30 min, but the negative control also increased with time. Therefore, 30 min was considered to be the best reaction time.
[image: Figure 2]FIGURE 2 | Optimization of experimental conditions. (A) Optimization of RNA probe concentration. (B) Optimization of reaction temperature. (C) Optimization of reaction time. The data are presented as mean ± S.D. of three replicate measurements.
3.4 Sensitivity detection of H7N9 after RT-RAA amplification
The schematic of Cas13a-MB-CL detection system was illustrated in Figure 3A. The detection limit of Cas13a-MB-CL detecting HA RNA was 100 p.m. (Figure 3C). Besides, Cas13a-MB-CL was used to detect NA RNA, having the same detection limit (Supplementary Figure S1). RT-RAA assay is a newly developed technology which can react at constant temperature and within a short reaction time (30 min) (Wang et al., 2022; Wu et al., 2022). Hence, we combined the CRISPR/Cas system with RT-RAA to improve sensitivity to detect H7N9. The results in Supplementary Figure S2 showed that the RT-RAA amplification system (RT-RAA-Cas13a-MB-CL) did have an effect on the cleaving system, and the CL intensity of positive group was gradually enhanced from the original multiplier products to the 16-fold dilution of products, weakened in 32-fold dilution of products. Therefore, the products of the 16-fold dilution were selected as the optimal optimization condition to be added to the cleaving system (Supplementary Figure S2). The proposed RT-RAA-Cas13a-MB-CL has a much better detection sensitivity compared to Cas13a-MB-CL assay in theory. Then, we investigated CL signals between the two methods in response to different concentrations of HA RNA (Figures 3B,C) and NA RNA (Supplementary Figure S1). In Figure 3B, the CL response signals of 1 nM HA RNA from RT-RAA-Cas13a-MB-CL and Cas13a-MB-CL assay were determined to be 6.56 and 3.89 compared to blank controls, respectively, suggesting an efficient signal gain in RT-RAA-Cas13a-MB-CL. And more importantly, RT-RAA-Cas13a-MB-CL was able to decrease the limit of detection (LOD) by approximately three orders of magnitude compared with the Cas13a-MB-CL assay (Figure 3C). Here, F/F0 was defined as the CL response signal, where F and F0 are the CL intensities of each assay with and without the presence of HA/NA RNA, respectively. Moreover, the LOD of RT-RAA-Cas13a-MB-CL is one to two orders of magnitude lower than that of Cas13a-fluorescence based RNA assays (Abudayyeh et al., 2016). To calculate the LOD of RT-RAA-Cas13a-MB-CL, a linear relationship between the CL response signal and the logarithmic value of H7N9 RNA concentration was obtained in the concentration range from 100 fM to 1 nM, with a LOD of 19.7 fM (3S/N, R2 = 0.98) (Choengchan et al., 2006; nanocomposite, 2020) (Figure 3D, Supplementary Figure S3).
[image: Figure 3]FIGURE 3 | (A) Schematic illustration of Cas13a-MB-CL in response to HA RNA. (B) CL intensity responses of HA RNA (1 nM) in RT-RAA-Cas13a-MB-CL and Cas13a-MB-CL. (C) Calibration curve of RT-RAA-Cas13a-MB-CL (red) and Cas13a-MB-CL (blue) in response to different concentrations of HA RNA. F and F0 are the CL intensities with and without the presence of HA RNA. (D) Linear plot of RT-RAA-Cas13a-MB-CL of HA RNA at concentrations from 100 fM to 1 nM. The data are presented as mean ± S.D. of three replicate measurements.
3.5 Clinical sample testing and specificity verification
The clinical performance of RT-RAA-Cas13a-MB-CL was evaluated using H7N9 virus samples donated by Jiangsu Provincial Center for Disease Prevention and Control. And the CL values of HA and NA in the two clinical samples were greater than that of negative controls (Figures 4A,B), showing a superior sensitivity and specificity.
[image: Figure 4]FIGURE 4 | (A) Clinical samples using RT-RAA-Cas13a-MB-CL to detect HA RNA and (B) NA RNA of H7N9. The data are presented as mean ± S.D. of three replicate measurements; NC, negative control.
In addition, the detection of H7N9 RNAs by the RT-RAA-Cas13a-MB-CL should be sequence-specific, so we tested seasonal influenza viruses (A/H1N1 and A/H3N2), 2009 swine-origin influenza virus A/H1N1, and avian influenza viruses (A/H5N1 and A/H9N1) donated by Jiangsu Provincial Center for Disease Prevention and Control (Sup. Table 1). The CL detection signals of H7N9 virus samples were significantly higher compared to other virus samples (Figure 5, Supplementary Figure S4). Above all, the proposed method had high specificity in the detection of H7N9 RNAs. Compared with RT-qPCR, the specificity of this method was comparable or even much better. Although slightly less sensitive than RT-qPCR, the entire detection process of this method can be completed in 30 min, while RT-qPCR needs more than 1 hour.
[image: Figure 5]FIGURE 5 | Specificity of RT-RAA-Cas13a-MB-CL detection of H7N9 virus samples against other influenza virus samples for HA. The data are presented as mean ± S.D. of three replicate measurements.
4 CONCLUSIONS
We successfully developed a novel method for detection of H7N9 virus based on MBs, CL and CRISPR-Cas13a, overcoming the problem of high fluorescence background in CRISPR combined with fluorescence detection technology. We improved sensitivity of detection methods with RT-RAA, a novel developed amplification technique which can react at constant temperature and is compatible with CRISPR. The LOD was as low as 19.7 fM at 25°C. Compared to the traditional fluorescence detection technology, it is an innovation in the method. Since MB-RNA-ALP complexes can be prepared and stored in advance, the entire detection process can be shortened to 30 min. More importantly, this method combined with magnetic bead method has proven to be applicable for influenza virus RNA detection in complex biological samples although having an incompatible reaction system. This assay has great promise for virus detection and can be adapted to clinical large-scale screening in the future. Thus, it is expected to scale up clinical applications and can be a valuable improvement towards achieving automated testing platforms for application in clinical setups in the near future.
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Mycoplasma pneumoniae (MP), which is responsible for a majority of community-acquired pneumonia (CAP) in children, has been largely underestimated. Here, we coupled multiple cross displacement amplification (MCDA) technique with CRISPR-Cas12a-based biosensing system to design a novel detection platform termed MP-MCDA-CRISPR assay for MP infection diagnosis and clinical application. The MP-MCDA-CRISPR assay amplified the CARDS gene of MP by MCDA method, followed by trans-cleavage of the reporter molecular upon the formation of CRISPR-Cas12a-gRNA-target DNA complex, which was confirmed by the release of fluorescent signals. A set of standard MCDA primers, an engineered CP1 primer, a quenched fluorescent ssDNA reporter, and a gRNA were designed targeting the CARDS gene of MP. The optimal temperature for MCDA pre-amplification is 64°C, and the time for CRISPR-Cas12a-gRNA biosensing process is 5 min. The limit of detection (LoD) of the MP-MCDA-CRISPR assay is 50 fg per reaction without any cross-reaction with other non-MP pathogens. The MP-MCDA-CRISPR assay accurately identified the 50 real time-PCR positive clinical samples and 78 negative ones. Taken together, the MP-MCDA-CRISPR assay designed here is a promising diagnostic tool for point-of care (POC) testing of MP infection.
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INTRODUCTION
Lower respiratory tract infection has been recognized as a major cause of morbidity and mortality in children, and Mycoplasma pneumoniae (MP) was the most commonly detected bacterial pathogen among children <18 years old hospitalized with community-acquired pneumonia (CAP) (Jain et al., 2015). Apart from pneumonia, MP was also associated with upper respiratory infections and a wide range of extrapulmonary manifestations, such as mucositis (Vujic et al., 2015), encephalitis (Daxboeck et al., 2004), and Stevens-Johnson syndrome (SJS) (Olson et al., 2015). Although MP infection was usually considered as mild and self-limited (Waites and Talkington, 2004) for which the burden of MP infection was usually underestimated, it was reported that more than 10% children hospitalized for MP infection were admitted to the ICU (Kutty et al., 2019). Along with the emergence and wide spread of macrolide-resistant MP isolates (Li et al., 2009; Yamada et al., 2012), identification and surveillance of MP infection needs to further strengthen.
Due to the clinical characteristics of MP infection are non-specific (Kutty et al., 2019), identification and confirmation of MP infection is mainly based on laboratory diagnosis. At present, there are three methods commonly used for detection of MP infection, i.e., culture, serology and molecular-based methods. Although culture is the traditional “gold standard” for identification of MP infection (specificity is 100%), long time and fastidious cultivation requirements makes it impractical (Waites et al., 2017). Optimum serological testing of MP infection usually needs two sera specimens collected at least 2 weeks apart (Bajantri et al., 2018), which is time-consuming; besides, insufficient immunological responses of the infant and elderly (Bajantri et al., 2018) and cross-activity with cytomegalovirus or Epstein-Barr virus infections (Medjo et al., 2014) also limit the sensitivity and specificity of MP testing, making this method not readily available. Molecular-based methods have been considered as “new gold standard” credited with their superior sensitivity and time-effectiveness (Waites et al., 2012; Loens and Ieven, 2016; Waites et al., 2017), and a series of commercially diagnostic methods are available for MP infection detection, such as the real-time PCR-based method RespiFinder SMART 22 (Patho Finder, Maastrict, the Netherlands) (Pillet et al., 2013), loop-mediated isothermal amplification (LAMP)-based method illumigene Mycoplasma (Meridian BioScience, Inc., Cincinnati, OH, United States) (Ratliff et al., 2014) and strand displacement assays (SDA)-based method BD Probe Tec ET (BD Diagnostics, Sparks, MD, United States) (Loens et al., 2010). Real-time PCRs had lower likelihood of contamination, could provide quantitative data and detect antimicrobial resistance genes (Waites et al., 2017); however, their highly dependence of high-precision apparatus and skilled technicians hampered their widely utilization. LAMPs and SDAs are less expensive and equipment requirement, more easy-to-perform, specific and sensitive than real-time PCR-based methods (Kakuya et al., 2014; Waites et al., 2017), however, the product analysis methods are somewhat labor-consuming or subjective (Li et al., 2020). Therefore, an accurate, rapid, ultrasensitive and highly specific assay for MP detection is sorely needed for case and outbreak identification and treatment and infection prevention guidance.
In recent years, a variety of CRISPR/Cas (clustered regularly interspaced short palindromic repeats and CRISPR associated protein)-related technologies have been harnessed for use in fields of research (Liu et al., 2022), including the nucleic acid detection field (Gootenberg et al., 2017), owing to their merit in terms of efficiency, specificity, and precision for biosensing (Liu et al., 2022). CRISPR/Cas systems are widely distributed in prokaryotic genomes and confer prokaryote acquired immunity against foreign nuclei acids (Barrangou et al., 2007; Brouns et al., 2008; Marraffini and Sontheimer, 2008). The principle of nuclei acid detection with CRISPR/Cas system is based on the collateral cleavage activities of Cas effectors (such as Cas12a, Cas12b, Cas13a, and Cas14), which enable non-specific and indiscriminate cleavage of surrounding non-target single strand RNA and DNA following the guidance of gRNA (guide RNA) (Li et al., 2019a; Li et al., 2019b; Shihong Gao et al., 2021). Up to now, there have been several CRISPR/Cas biosensing systems applied in nuclei acid analysis, such as DETECTR (DNA Endonuclease-Targeted CRISPR Trans Reporter) (Chen et al., 2018), SHERLOCK (Specific High-sensitivity Enzymatic Reporter UnLOCKing) (Gootenberg et al., 2017), HOLMES (One-Hour-Low cost Multipurpose highly Efficient System) (Li et al., 2018b), CRISPR-top (Li et al., 2021) and CRISPR-MCCD, which are proven cost-effective, easily accessible, and widely applicable.
In the current study, we incorporated the CRISPR-Cas12a biosensing system with a relatively new and promising nucleic acid isothermal amplification technology termed multiple cross displacement amplification (MCDA) for timely, accurate, robust, ultrasensitive and highly specific diagnosis of MP infection, and named as MP-MCDA-CRISPR. Furthermore, a protospacer adjacent motif (PAM) site (TTTC) for the CRISPR-Cas12a–related assay was engineered onto the MCDA primers for detecting sequences that lack of PAM sites. Thereafter, we illustrated the principle of the MP-MCDA-CRISPR assay (Figure 1) and validated its feasibility in clinical specimens.
[image: Figure 1]FIGURE 1 | Schematic illustration of the principle of the MP-MCDA-CRISPR assay. (A) Schematic illustration of the principle of MCDA with the modified primer. The primer CP1 was modified with a PAM site (TTTC) at the linker region. After amplification, a CRISPR-Cas12a recognition site was constructed in the target amplicons. (B) Schematic illustration of the CRISPR-Cas12a detection system. Upon recognition of the target DNA, the CRISPR-Cas12a-gRNA complex cleaves the single stranded DNA reporter molecule and responds with release of fluorescence signal. (C) Overview of the MP-MCDA-CRISPR workflow. MP-MCDA-CRISPR assay employs three closely linked steps: DNA extraction (step 1), MCDA pre-amplification (step 2), CRISPR-Cas12a cleavage and data report (step 3). The whole process could be completed in 50 min.
MATERIALS AND METHODS
Reagents and instruments
The primers used in this study were synthesized by AOKE Biotech Co., Ltd. (Beijing, China), and the probe and gRNA were by Tianyi-Huiyuan Bioscience & Technology Co., Ltd. (Beijing, China). Genomic DNA kit for nucleic acid extraction and purification was purchased from Beijing TransGen Biotech Co., Ltd. (Beijing, China). The universal isothermal amplification kits, visual detection reagent (VDR), and CRISPR-Cas12a protein (Cpf1) were obtained from HuiDeXin Biotechnology (Tianjin, China). A real-time turbidimeter (LA-320C) was purchased from Eiken Chemical Co., Ltd. (Japan) and the Applied Biosystems® 7500 Real Time PCR System was from ThermoFisher Scientific (United States).
Bacterial strain and clinical samples
Bacterial strains used in this study were shown in Table 1, including pure cultures of 10 MP strains and 40 other pathogens. Additionally, 128 nasopharyngeal swabs collected from 128 patients suspected of MP infection in the capital institute of pediatrics (CIP) were employed in this study as well for clinical feasibility assessment. Nucleic acid of all the pure cultures and clinical samples were extract and purified by using the genomic DNA kit.
TABLE 1 | The strains used in this study.
[image: Table 1]Design of multiple cross displacement amplification primers and gRNA
According to the principle of MCDA assay, the primers of MP were designed based on the CARDS gene (community-acquired respiratory distress syndrome toxin gene) by using the PRIMER PREMIER 5.0 software. BLAST analysis was used to verify the specificity of MP-MCDA primers. In addition, the gRNA of MP CARDS gene was designed according to the CRISPR-Cas12a detection mechanism. The positions of MCDA primers and gRNA are shown in Table 2 and Figure 2. PAM sites (TTTC) were added into the linker region of the regular CP1 primer of MCDA for CRISPR-Cas12a biosensing. The principle of analysis based on MCDA and CRISPR-Cas12a is shown in Figure 1. The MCDA primers, gRNA and probe sequences are shown in Table 2.
TABLE 2 | The primers, probe, and gRNAs used in the current study.
[image: Table 2][image: Figure 2]FIGURE 2 | Sequences and locations of the CARDS gene of MP used to design the MCDA primers and gRNA. Locations of MCDA primers are underlined and gRNA is in the box. The right arrow and left arrow represent the sense and complementary sequence used in this study, respectively.
Multiple cross displacement amplification
The pre-amplification step of MCDA was performed with an isothermal amplification kit as per the manufacturer’s instructions (HuiDeXing Biotech. Co., Ltd., Tianjing, China). The reaction system of MP-MCDA was 25 μL, including 12.5 μL of 2× reaction buffer, 0.4 μM each of F1 and F2, 1.6 μM each of CP1 and CP2, 0.8 μM each of C1, C2, D1, D2, R1, and R2, 1.0 μL of Bst 2.0 DNA polymerase (8 U), 1 μL (pure bacteria) or 5 μL (clinical sample) DNA template, and appropriate volume of distilled water (DW) to 25 μL. The reaction process was conducted with the real-time turbidity (LA-320C) to monitor the amplification results and optimize the amplification temperature.
CRISPR-Cas12a based assay
In this study, Cas12a (Cpf1) was used for CRISPR-Cas-based trans-cleavage detection. The CRISPR-Cas12a-gRNA complex was formed by incubating 100 nM CRISPR-Cas12a (Cpf1) (Cat No: 10148305) with 100 nM gRNA in 2× HDX buffer at 37°C for 10 min. Then, the complex should be used immediately or stored at low temperature (0°C–4°C) for no more than 12 h.
The CRISPR-Cas12a-based trans-cleavage assay was conducted in a 100 μL mixture, including 2 μL of MCDA products, 2.5 μL of probe, 18 μL of CRISPR-Cas12a-gRNA complex, 50 μL of 2× HDX buffer, and 27.5 μL of DW, following a process of incubation at 37°C for 10 min. The results were monitored by real-time fluorescence (RTF) method, with the probe (5′-Fam-TATTATTATTATTATTT-BHQ1-3′, 10 μM) utilized for CRISPR-Cas12a trans-cleavage detection (Zhu et al., 2021).
Sensitivity and specificity of the MP-MCDA-CRISPR assay
To verify the specificity of MP-MCDA-CRISPR assay, a total of 10 MP strains and 40 non-MP strains were used (Table 1), with distilled water (DW) applied as the blank control. Nucleic acid of all the strains were extracted and purified by using the Beijing TransGen Genomic DNA kit. In addition, nucleic acids of MP strains were also serially diluted from 5 ng to 5 pg per reaction with 10-fold attenuation for sensitivity analysis. In both kind of analysis, the MP-MCDA-CRISPR assay was performed as described above, and the results were reported by both RTF and VDR methods. Each test was repeated triple.
Validation of the feasibility of MP-MCDA-CRISPR assay in clinical samples
To further verify the feasibility of MP-MCDA-CRISPR assay in clinical settings, we collected 128 nasopharyngeal swabs suspected of MP infection based on clinical symptoms from CIP. The MP-MCDA-CRISPR assay was conducted as described above. All the clinical specimens were tested by real-time PCR method as well. Results of both methods were compared. Particularly, all the procedures were approved by the ethics committee of CIP, and all the samples obtained the informed consent signed by the participant’s guardian.
RESULTS
Overview of MP-MCDA-CRISPR detection system
The principle of MP-MCDA-CRISPR assay is shown in Figure 1. Firstly, the extracted MP DNA templates were exponentially pre-amplificated by the MCDA method within 30 min, of which the core primer CP1 was engineered with a PAM site (TTTC) for Cas12a effector at its linker region (Figure 1A). Then the gRNA, which formed a complex with CRISPR-Cas12a effector (Figure 1B, step 1), guided Cas12a molecules to recognize the target amplicons by the PAM site (Figure 1B, step 2). Finally, the trans-cleavage activity of the CRISPR-Cas12a effector was activated and the single-strand DNA (ssDNA) reporter molecules (5′-FAM-TATTATTATTATTATTT-BHQ1-3′) were ultrafast digested (Figure 1B, step 3, step 4), which was detected by the Applied Biosystems® 7500 Real Time PCR System. For the negative results, the ssDNA reporting molecules were not digested and the fluorescence signals could not be detected.
Optimal reaction conditions for MP-MCDA-CRISPR assay
To confirm the optimal temperature of MP-MCDA, temperatures ranging from 60°C to 67°C with an interval of 1°C were tested. As shown in Figure 3, 64°C was detected to be the optimal reaction temperature for the MP-MCDA reaction. Afterwards, the reaction time for CRISPR-Cas12a detection step was also optimized by comparing the results at 5, 10, 15, 20 min, respectively. As shown in Figure 4, a reaction time of 5 min was recommended for the CRISPR-Cas12a cleavage step of MP-MCDA-CRISPR assay.
[image: Figure 3]FIGURE 3 | Temperature optimization for the MCDA assay. The MCDA method was used to detect pre-amplification of the CARDS gene of MP. The dynamic curves (A–H) were obtained at different temperatures ranging from 60°C to 67°C, with 64°C as the optimal MCDA reaction temperature for MP testing.
[image: Figure 4]FIGURE 4 | Optimization of reaction time of CRISPR-Cas12a-based biosensing system. Real-time fluorescence detection was used for reporting the CRISPR-Cas12a-gRNA cleavage results at 5 min (A), 10 min (B), 15 min (C), and 20 min (D). Stable fluorescence signal can be detected within 5 min. Curves 1–7, the fluorescence signal of the MP-MCDA reaction products yield from 5 ng, 500 pg, 50 pg, 5 pg, 500 fg, 50 fg, and 5 fg of MP genomic DNA; Curve 8, fluorescence signal of the blank control (DW).
Specificity of MP-MCDA-CRISPR assay
Nucleic acid templates extracted from 10 MP and 40 non-MP strains were used to evaluate the specificity of the MP-MCDA-CRISPR assay. The MP-MCDA-CRISPR was conducted under optimal reaction conditions, and the results were further confirmed using visual MCDA technique (VDR-based method). Readouts of both methods demonstrated that the 10 MP strains were positive, while all the non-MP strains were negative (Figure 5), implying that the specificity of MP-MCDA-CRISPR assay was 100%. Therefore, the MP-MCDA-CRISPR assay designed in this study has a high selectivity to the target nucleic acid.
[image: Figure 5]FIGURE 5 | The specificity of the MP-MCDA-CRISPR assay. The specificity of the MP-MCDA-CRISPR assay reported by VDR method (A) and RTF method (B), respectively. Tubes/Curves 1–10 represent the MP agents, and Tubes/Curves 11–50 represent non-MP pathogens.
Sensitivity of MP-MCDA-CRISPR assay
To evaluate the sensitivity of MP-MCDA-CRISPR assay, the serially diluted MP DNA (ranging from 5 ng to 5 fg per microliter) were used. As shown in Figure 6, readouts of the real-time turbidity, CRISPR and VDR methods indicated that the limit of detection (LoD) of MP-MCDA-CRISPR assay was 50 fg per reaction.
[image: Figure 6]FIGURE 6 | The sensitivity of the MP-MCDA-CRISPR assay. Real-time turbidity (A), VDR (B) and RTF (C) methods were used to report the MP-MCDA-CRISPR assay results, respectively. Curves/Tubes 1–8 represent the MP genomic DNA concentrations of 5 ng, 500 pg, 50 pg, 5 pg, 500 fg, 50 fg, and 5 fg per reaction, and the blank control (DW), respectively. The LoD of the MP-MCDA-CRISPR assay was 50 fg per reaction.
Feasibility of MP-MCDA-CRISPR assay in clinical samples
To further verify whether MP-MCDA-CRISPR assay could be used for MP detection in clinical samples, 128 nasopharyngeal swab samples suspected of MP infection were simultaneously detected by MP-MCDA-CRISPR and RT-PCR methods. Identical to the RT-PCR results, the 50 positive samples were confirmed as MP infection by MP-MCDA-CRISPR assay, while the 78 negative ones were considered as non-MP infection likewise (Figure 7), suggesting a consistency of 100% between the two methods (Table 3). These results suggested that the MP-MCDA-CRISPR assay established in this study could be used as a valuable technique for detecting MP infection in clinical settings.
[image: Figure 7]FIGURE 7 | MP-MCDA-CRISPR results of 128 clinical samples suspected of MP infection. VDR (A) and RTF (B) methods were used to report the MP-MCDA-CRISPR assay results, respectively. Tubes/Curves 1–50 represent the 50 real-time PCR positive samples; Tubes/Curves 51–128 represent the 78 real-time PCR negative samples.
TABLE 3 | Results comparison of MP-MCDA-CRISPR assay and real-time PCR for MP detection in clinical specimens.
[image: Table 3]DISCUSSION
Here, a novel MP-MCDA-CRISPR assay, which combined the CRISPR-Cas12a-based biosensing system with MCDA, was established and evaluated for rapid detection of MP infection in clinical settings. Hitherto, various isothermal amplification techniques coupled with different biosensing systems have been developed for MP infection diagnosis, such as MCDA combined with nanoparticle-based lateral flow biosensor (LFB) (Wang et al., 2019), LAMP combined with LFB (Xiao et al., 2022), and recombinase polymerase amplification (RPA) combined with real-time fluorescent probe (Jiang et al., 2022), incarnating the advantages of sensitivity, specificity, simplicity and rapidity. Discovery of the CRISPR-Cas system provided a superior alternative for nucleic acid detecting platform for the high specificity (single base pair specificity) and sensitivity (only several copies) (Zhu et al., 2021), and the CRISPR-Cas9, CRISPR-Cas12, and CRISPR-Cas13 systems had been applied for detection of a variety of pathogens, such as hepatitis B virus (Chen et al., 2021) and SARS-CoV-2 (Zhu et al., 2021). In this report, the CRISPR-Cas12a system was first applied as the biosensing platform for MP detection for its highly sensitive, specific, and accurate. Particularly, the CP1 primer of standard MCDA method was modified by adding an engineered PAM site (TTTC) at the linker region (Figure 1) to circumvent the limitation of lack of PAM site which is essential for CRISPR-Cas12a-based biosensing platforms. Thus, the newly developed MCDA-CRISPR assay could detected any target sequences which were dearth of PAM sites.
An ideal laboratory diagnostic technique should be rapid, specific, sensitive, and easy to operate. In order to improve the sensitivity of MP-MCDA-CRISPR detection, CARDS gene of MP was pre-amplified by MCDA method. MCDA is a relatively new isothermal amplification technique which is independence of complex and expensive thermal cycling instruments and skilled personnel (Wang et al., 2015). The MCDA method contained a set of 10 primers extending 10 different regions of the target gene, i.e., a pair of replacement primers (F1 and F2), a pair of cross primers (CP1 and CP2) and three pairs of amplification primers (C1, C2, D1, D2, R1, and R2) (Figure 1A), endowing this method a high specificity (Wang et al., 2015). Another great virtue of MCDA assay is its high amplification efficiency, for which only within 30 min and minor amounts of templates (as low as 50 fg) the MCDA assay could reach to the cut-off value of detection (Zhang et al., 2020). More importantly, the MCDA-CP1 primer was engineered with a CRSIPR-Cas12a PAM site (TTTC), which played an important role for location of CRISPR-Cas12a-gRNA complex to the specific amplicons (Figure 1). Hence, the target gene located in the genome of MP could be sensitively, timely and accurately detected by the MP-MCDA-CRISPR assay.
In this study, the MCDA products were detected by the CRISPR-Cas12a-based biosensing system. For this biosensing system, the pivotal component is the CRISPR-Cas12a effector, which could perform collateral cleavage on non-targeted ssDNA upon the formation of the CRISPR-Cas12a-gRNA-target DNA ternary complex following the guidance of gRNA to the target DNA (Li et al., 2018a). Besides, a quenched fluorescent ssDNA reporter (FAM-TATTATTATTATTATTT-BHQ1) was applied as the probe, which released fluorescent signals upon trans-cleaved by the Cas12a effector (Figure 1B). The RTF method was used in this study for reporting the MP-MCDA-CRISPR outcomes. In positive reactions, the reporter molecule was cleaved and the produced fluorescent signals was captured by a real-time fluorescent detector. While in the negative reactions, none fluorescent signal was detected for the failure of cleavage of reporter molecule owing to the lack of target DNA. Last but not least, the newly devised MP-MCDA-CRISPR assay was specific enough and had no cross-reaction with other non-MP pathogens.
The newly devised MP-MCDA-CRISPR assay was verified for clinical feasibility as well. The 50 real-time quantitative PCR-positive samples were tested positive by the MP-MCDA-CRISPR assay, so did the 78 real-time quantitative PCR-negative samples as negative in MP-MCDA-CRISPR assay. The concordance between the MP-MCDA-CRISPR assay and the real-time quantitative PCR test demonstrated the reliability of MP-MCDA-CRISPR assay in MP detection for clinical application. The whole detection procedure, including a 15 min process for genomic DNA template preparation, a 30 min process for MCDA pre-amplification, and a 5 min process for CRISPR-Cas12a-gRNA detection and results readout, could be completed within 50 min (Figure 1C). To sum up, with the advantages of low degree of instrument dependence, rapid turnaround time, and accurate detection capability, the MP-MCDA-CRISPR assay is expected to become point of care (POC) diagnosis method for MP infection detection, especially in the low-income countries and regions in the world. Further optimization for this newly proposed MP-MCDA-CRISPR assay could be devising a readout system simpler and easier to perform.
Taken together, we combined MCDA method and CRISPR-Cas12a-based biosensing system to develop a novel assay called “MP-MCDA-CRISPR” for the sensitive, specific and rapid detection of MP infections. The MP-MCDA-CRISPR assay could detect as low as 50 fg genomic DNA of MP and had no cross-reaction with other pathogens. The whole test could be completed within 50 min without complicated instruments and experienced technicians. Herein, the newly developed MP-MCDA-CRISPR assay is expected to become an important POC method for MP infection detection in clinical settings, especially in the resource-limited areas.
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Tuberculosis (TB) poses a serious threat to human health and social development. Accurate diagnosis of mycobacterium tuberculosis infection plays a critical role in the prevention and treatment of tuberculosis. Interferon-γ (INF-γ) release assay (IGRA) is currently the only quantitative tuberculosis infection diagnosis method. An accurate, fast, and easily handled INF-γ detection method is the key to obtaining accurate results. Herein, we report a novel paper-based electrochemiluminescence (ECL) method based on lateral flow immunosensors that combines the easy handling characteristics of immunochromatography and the high sensitivity of electrochemiluminescence to detect IFN-γ. To our knowledge this is the first INF-γ detection method that combines immunochromatography with electrochemiluminescence. The paper-based ECL-LFI test consists of a sample pad, conjugation pad (with binding antibody IFN-γ-Ab1 conjugated with ruthenium tripyridine), detection pad (with capture antibody IFN-γ-Ab2 immobilized on nanospheres), absorbent pad, and electrode for signal activation. The ECL signal is obtained by cyclic voltammetry scanning at a speed of 0.1 V/s in the detection area of the paper-based ECL-LFI test. In our experiments, the paper-based ECL-LFI test exhibited a minimum detection limit of 2.57 pg/mL within 12 min, and a broad detection range of 2.57–5,000 pg/mL, with repeatability of 8.10% and stability of 4.97%. With the advantage of high accuracy and sensitivity, easy handling, and low user training requirements, this ECL-LFI test might be used as point-of-care testing (POCT) in the IGRA for tuberculosis diagnosis.
Keywords: electrochemiluminescence, interferon-γ, lateral flow immunosensors, paper-based, POCT (point-of-care testing)
1 INTRODUCTION
Interferon gamma (IFN-γ) is a major immunoregulatory cytokine predominantly produced by T cells and innate lymphoid cells (Petermann et al., 2019). IFN-γ not only has antiviral, anti-microbial infection, antitumor, and other biological functions, but also plays a crucial role in innate immunity and acquired immunity (Hawerkamp et al., 2020; Thibaut et al., 2020; Caputa et al., 2022). It can also be used to detect immune levels or certain diseases, such as tuberculosis (TB) (Bergamaschi et al., 2021; Hlaca et al., 2022).
The IFNB-γ release assay (IGRA) method is commonly used in the diagnosis of TB infection (Sloot et al., 2020). The traditional IGRA method requires professional operation, instruments, and experimental platforms, and the process is time-consuming and laborious (Hamada et al., 2021; Petnak et al., 2022). Therefore, an accurate, fast point-of-care testing (POCT) method for the IGRA is urgently needed.
Electrochemiluminescence (ECL) sensors incorporate a combination of electrochemistry and measurement of visual luminescence, and have the advantages of being highly sensitive, non-hazardous, and inexpensive; moreover, they exhibit a linear response over a wide range (Zhang and Liu, 2020; Ahmadi et al., 2021; Rizzo et al., 2021). Several electrochemical luminescence immunoassays have been established to detect tuberculosis markers Lipoarabinomannan (LAM), ESAT-6, IFN-γ and Interleukin (IL-2) (Zhou et al., 2017a; Zhou et al., 2017b; Sigal et al., 2018; Broger et al., 2019). The luminous substances emit light only under electrical stimulation, which reduces the sensitivity of ECL to interference by external factors (Bauer et al., 2021). Several reported ECL assays for IFN-γ adopt only paper-based circular detection (Sennikov et al., 2003; Li et al., 2020). The lateral-flow immunoassay (LFI) is a paper-based platform that is inexpensive, simple to perform, rapid, and portable, and thus is ideal for use in point-of-care (POC).
In this report, a lateral flow immunosensor combined with ECL was developed to detect IFN-γ. Nanospheres combined with capture antibodies were adopted to improve the capture efficiency and ECL intensity. The entire testing process takes only 12mins.The ECL-LFI adopts dry chemical diagnosis, which is different from traditional wet chemical diagnosis. Moreover, there is no need to add samples many times, samples can be added at once to detect the IFN-γ concentration without other operations, which is highly desirable for new and sudden infectious diseases. The combination of paper and screen printed electrode (SPE) makes ECL-LFI portable and mass producible. Moreover, the RPEL-B POCT electrochemical luminescence detector we used is close to a notebook, and the weight is only 1 kg, which is highly conducive to application in remote areas with poor medical conditions.
2 MATERIALS AND METHODS
2.1 Materials
IFN-γ-Ab1, IFN-γ-Ab2, and antigen were purchased from Guangzhou Leide Biotechnology Co., Ltd. (China). N-Hydroxy succinimide (NHS), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydro (EDC), Ru (bpy)2 (mcbpy-O-Su-ester) (PF6)2 (Ru-NHS ester), Butyldiethanolamine (BDEA), Tripropylamine (TPA), and TWEEN-20 were purchased from Sigma–Aldrich (United States of America). Elecsys buffer was purchased from Roche (Switzerland). Nanospheres (200-nm diameter) were purchased from Biotron Biotechnology Co., Ltd. (China). Centrifugal tubes (15 mL) and 5-mL 7K MWCO Zeba™ spin desalting columns were purchased from Thermo Fisher Scientific (United States of America). A Three Screen Printed Electrodes (SPEs) were purchased from Zensor Technology (China). Glass fiber RB-45 and absorbent paper ABP-S270 were purchased from Shanghai KingBio Biotechnology (China). Whatman No. One and Whatman No. 102 filters were purchased from Whatman (United States of America). PT-0.45 μm was purchased from Cytiva (United States of America). Biodyne C was purchased from PALL (United States of America). Heterophilic antibody blocker (HBR) and dimethyl sulfoxide (DMSO) were purchased from Bio Liye Technology (China).
2.2 Instruments
A RPEL-B POCT electrochemical luminescence detector was purchased from Xi’an Remex Analysis Instruments (China). An HGS210 high-speed cutting machine and HGS510-1 bench-type gold spraying marking machine were purchased from Hangzhou AutoKun Technology (China). A rotary disc mixer was purchased from Aquapro International Co. (United States of America).
2.3 Preparation of antibody-functionalized ECL nanoprobes
The method of labeling the antibody with Ru-NHS ester was based on a previously reported method with some modifications (Zhou et al., 2014). First, 1 mg of Ru-NHS ester was dissolved in DMSO to 10 mmol/L and then diluted with distilled water to 1 mmol/L. IFN-γ-Ab1 was diluted with phosphate buffered saline (PBS) to 25 μmol/L. Second, 500 μL of antibody solution and 1,000 μL, 500 μL, and 250 μL of Ru-NHS ester solution were mixed in separate samples; the molar ratio of Ru-NHS ester to antibody was 80:1, 40:1, and 20:1, respectively. The samples were then wrapped with tin foil and rotated on the rotary disc mixer for 12 h. Following the reaction, a 5-mL 7K MWCO Zeba™ spin desalting column was used to remove free Ru-NHS ester from the Ru-labeled IFN-γ-Ab1 (labeled antibodies). See Figure 1B.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the three-electrode SPE ECL-LFI; (a) Sample pad, (b) conjugation pad, (c) detection pad, (d) absorbent pad, (e) electrodes (reference electrode, working electrode, and counter electrode), and (f) sample loading hole. (B) Illustration of the ECL-LFI for detection of IFN-γ; (a) sample pad, (b) conjugation pad, (c) detection pad, and (d) absorbent pad.
Preparation of captured antibodies IFN-γ-Ab2 coupled nanospheres was performed as shown in Figure 1B.
Diluted capture antibodies was added to activated microspheres and then blocked with 0.05-M Tris-HCl and 1% Bovine albumin (BSA) before being resuspended in a resuspend solution.
2.4 Preparation of immunochromatographic strips
To determine the paper suitable for detection, different papers were cut into several discs with a diameter of 6 mm. Each disc was placed in the circular detection pad of the three-electrode SPE. Labeled antibodies was diluted to 0.2 mg/mL according to the method described in Section 2.3 and mixed with Elecsys buffer. Subsequently, 6 µL of diluted antibody was added to the disc for the electrochemiluminescence test.
The captured antibodies was sprayed on the detection pad using the HGS510-1 bench-type gold spraying marking machine. Following that, a 2% sucrose solution was added to protect the antibody adsorbed on the paper.
Each sample pad was pretreated with 0.05 M Tris (pH 7.4), 1% BSA, 0.5% sodium casein, 0.5% trehalose, 2% sucrose, 0.5 mg/mL HBR, and 0.9% NaCl. Following overnight drying in an oven at 37°C, the labeled antibodies was sprayed on the bonding pad with the HGS510-1, followed by oven drying again. The labeled antibodies was sprayed onto the conjugation pad using the HGS510-1 machine and then oven-dried again.
The entire paper-based channel is 7 cm long and 6 mm wide. The sample pad is 2.5 cm long. The conjugation pad is 1.0 cm long. The detection pad is 1.5 cm long, and the absorbent pad is 2 cm long (Figure 1A).
2.5 ECL detection of IFN-γ
The immunoassay was based on the double-antibody sandwich method. To begin, the sample was diluted with 0.1-M PBS (pH 7.4) and 50 μL Elecsys buffer to a final volume of 150 μL. The diluted sample was then dropped into the loading hole of the paper-based ECL-LFI. Through optimization of reaction time, following a reaction in the dark for 12 min, ECL detection was carried out as shown in Figure 2. Potential scanning was performed by cyclic voltammetry scanning from 0.2 to 1.5 V; the photomultiplier tube voltage was set at 800 V.
[image: Figure 2]FIGURE 2 | Effect of IFN-γ-Ab2 coupled nanospheres on ECL intensity. The concentration of IFN-γ is 200 pg/mL p < 0.05 was considered significant; p < 0.01.
2.6 Statistical analysis
Standard deviations were determined by relative expression ratios of three replicates for each measurement. In the case of a normal distribution, a t-test or analysis of variance (ANOVA) test with Bonferonni correction was applied. A p-value less than 0.05 was considered significant (*p < 0.05; **p < 0.01). All statistical analyses were performed using SPSS 21.0 software (SPSS Inc., United States of America).
3 RESULTS AND DISCUSSION
3.1 Characterization of antibody-functionalized ECL nanoprobes
The OD value of the ECL nanoprobe was measured with a spectrophotometer. According to the formula [Label ratio] = Aantibody absorption×dilution factor/13700 M−1cm−1×Cantibody concentration (Zhou et al., 2014), the labeling rates of the 20:1,40:1, and 80:1 Ru-NHS ester to antibody molar ratios were 45.5%, 53.1%, and 44.8%, respectively. Thus, the labeling rate is the highest when the molar ratio is 40:1.
RPEL-B was used to measure the effect of IFN-γ-Ab2 coupled to nanospheres. The average ECL intensity of IFN-γ-Ab2 coupled with nanospheres and IFN-γ-Ab2 was 2,264 and 1,184, respectively (n = 3). Figure 2A presents a comparison with the spraying of detection antibody IFN-γ-Ab2 alone; a higher ECL intensity was obtained after IFN-γ-Ab2 was bound to the nanospheres and then sprayed onto the detecting area of the strip; the difference was statistically significant (p < 0.01).
The ECL intensity of the materials used in the ECL-LFI test was detected to eliminate the signal interference to the Ru-NHS ester. The average ECL intensity of Ru-NHS ester, IFN-γ, IFN-γ-Ab1, IFN-γ-Ab2, nanospheres, and Elecsys buffer are 4,158.7, 79.3, 62.3, 79.8, and 113.3, respectively (n = 3). Figure 2B illustrates that the materials used in ECL-LFI do not interfere with the ECL intensity of Ru-NHS ester (p < 0.01).
3.2 Effect of co-reactants on ECL intensity
In this study we optimized several crucial parameters of the reaction of co-reactants with Ru-NHS ester. The experiment was carried out on Whatman No. 1 filter medium, and the blank group was 6 µL of 0.2 mg/mL labeled antibodies.
Figure 3A shows the ECL intensity result of different co-reactants during antibody labeling. The average ECL intensity of Black, Elecsys buffer, BDEA, and TPA were 732.3, 14,613, 13,565.7, and 6,297, respectively (n = 3). Compared with the blank, BDEA, and TPA groups, the ECL intensity of Elecsys buffer was higher by a factor of 19.95,1.08, and 2.32, respectively (p < 0.01).
[image: Figure 3]FIGURE 3 | (A) Influence of the different co-reactants on the ECL intensity. The concentration of IFN-γ is 10 ng/mL. (B) Effect of different proportions of the volume of Elecsys buffer on the ECL intensity of the sample. The concentration of IFN-γ is 5,000 pg/mL. (C) Difference among methods of adding co-reactants. The concentration of IFN-γ is 10 ng/mL p < 0.05 was considered significant; A, p < 0.01; B, p < 0.01; C, p < 0.05.
Figure 3B shows the ECL intensity of different volumes of Elecsys buffer. The average ECL intensity for Sample: Elecsys buffer ratios of 4:1, 2:1, 1:1, 2:3, and 1:2 are 5,869, 6,875.3, 4,252.7, 3,643.3, and 2,878.3 respectively (n = 3). When the volume ratio of Sample: Elecsys buffer was 2:1, the ECL intensity was significantly higher than for the other groups (p < 0.01).
Figure 3C shows the difference among methods of adding co-reactants. “Mix” means buffer solution and sample mixed in advance for detection. “Separate” means buffer solution and sample dropped into the sample hole sequentially. The average ECL intensity of Mix and Separate are 15,993.7 and 12,235.7, respectively (n = 3). In summary, mixing samples and Elecsys buffer in advance is better than dropping them separately (p < 0.05).
3.3 Optimization of the paper-based test
The ECL performance for Whatman No. One and Whatman No. 102 filter media, Biodyne C, and PT-0.45 μm was tested. A 6-μL mixture of Elecsys buffer and 0.2 mg/mL labeled antibodies was dropped on each paper, and the ECL intensity was detected. The results in Figure 4A present the ECL characteristics for the different papers. The average ECL intensity of Biodyne C, PT-0.45 μm, Whatman No. 102, and Whatman No. One were 5,713, 411.7, 15,068, and 15,993.7, respectively (n = 3). The ECL intensity of Whatman No. One was higher than that of any other paper (p < 0.01).
[image: Figure 4]FIGURE 4 | (A) ECL characteristics of different papers. The concentration of labeled antibodies is 0.2 mg/mL. (B) Effect of sample pad buffer on ECL intensity and ECL intensity of different detection pads in immunochromatography. The concentration of IFN-γ is 5000 pg/mL. (C) ECL intensity for different detection pad lengths. The concentration of IFN-γ is 200 pg/mL p < 0.05 was considered significant; A, p < 0.01; B, p < 0.01; C, p < 0.01.
Once the sample pad was treated by sample pad buffer, the treated sample pads were assembled in the paper-based channels with detection pads made of Whatman No. 1, Whatman No. 102, and Biodyne C, and the ECL intensity was measured under the same conditions for each paper. The sample pad buffer can increase the hydrophilicity of the paper and the pretreatment of samples, balance the pH of the sample to be tested, and adjust the salt ion strength. Figure 4B shows the effect of sample pad buffer on ECL intensity. The average ECL intensity of sample pad buffer group and “none” group for Whatman No. One are 2,686 and 2035.7; for Whatman No. 102 they are 2,613 and 2,127; and for Biodyne C they are 4,546 and 3,479.7, respectively (n = 3). The ECL intensity is higher after the sample pad buffer treatment (p < 0.01).
The results in Figure 4B show the ECL intensity for different detection pads in immunochromatography. Through experimental comparison, Biodyne C film exhibited higher ECL strength and more suitability for detection in the ECL-LFI test. Although the ECL characteristics of Whatman No. One and Whatman No. 102 are better than those of Biodyne C, in this work it is also necessary to consider the protein adsorption capacity, porosity, and wettability of the paper, as well as the capillary flow of the water-based samples. The low porosity and high protein adsorption capacity of Biodyne C are more conducive to immunochromatography. Therefore, Biodyne C was finally selected as the paper for the detection pad.
Figure 4C shows the influence of different lengths of test pads on ECL intensity. The average ECL intensity for test pad lengths of 0.7, 1.5, and 2.5 cm are 22.1, 1903.3, and 1,005.3 respectively (n = 3). Since the detection pad is a circle with a diameter of 6 mm, we set up three groups of detection pads with different lengths (0.7 cm, 1.5 cm, and 2.5 cm) for comparison. The results show that the 1.5-cm length is more suitable for the proposed ECL-LFI test (p < 0.01). No significant ECL intensity was found in the 0.7-cm group. The reason is that the detection pad should cover the electrodes completely, and it also should overlap the front and rear combination pads and water absorption pad by a small amount. Since the 0.7-cm detection pad length is too short, the normal flow measurement and chromatography process cannot be completed.
3.4 Effect of the concentration of labeled antibodies and captured antibodies on the ECL intensity
To obtain higher ECL intensity, we set four groups of labeled antibodies to capture antibodies concentration ratios as follows for the ECL intensity test: 1 mg/mL:0.25 mg/mL, 1 mg/mL:0.5 mg/mL, 1 mg/mL:1 mg/mL, and 1 mg/mL:2 mg/mL. All were joined to 150 μL 1,000 pg/mL samples. Figure 5 illustrates the ECL intensity of labeled antibodies and captured antibodies with different concentration ratios. The average ECL intensity for concentration ratios of 1:0.25, 1:0.5, 1:1, and 1:2 are 684.3, 1,093.7, 2,318, and 3,921, respectively (n = 3). When the concentrations of labeled antibodies and captured antibodies were 1 mg/mL and 2 mg/mL, respectively, the corresponding signal was better (p < 0.01). Considering the cost of the paper-based ECL-LFI test, no more experiments were conducted on other concentrations.
[image: Figure 5]FIGURE 5 | ECL intensity when the labeled antibodies reacts with the captured antibodies at different concentrations. The concentration of IFN-γ is 5000 pg/mL p < 0.05 was considered significant; p < 0.01.
3.5 Analytical performance of the paper-based ECL-LFI test
The ECL-LFI test was used to quantitatively detect the content of IFN-γ-Ag, as shown in Figures 6A, B. With increasing Ag concentration, the ECL intensity increases gradually. The calibration plots exhibited a good linear relationship between the ECL intensity and the logarithm of IFN-γ concentrations in the range of 2.57–5,000 pg/mL. The linear regression equations were IECL = 1439lg CIFN-γ-Ag − 135.5, with a correlation coefficient R2 = 0.9932. Moreover, the detection limit for IFN-γ was 2.57 pg/mL (S/N = 3) according to the Guidelines of the Clinical and Laboratory Standards Institute (NCCLS) (Satlin et al., 2020). The results show that the paper-based ECL-LFI test can quantitatively detect IFN-γ during one potential scanning and exhibited wide linear ranges and low detection limits, indicating that it has significant value in improving the accuracy and reliability of TB infection diagnosis.
[image: Figure 6]FIGURE 6 | (A) ECL intensity-time curves of the paper-based ECL-LFI with different concentrations of IFN-γ (B) Linear relationship between the ECL intensity and IFN-γ concentrations of 2.57, 8, 40, 200, 1,000, and 5,000 pg/mL.
3.6 Analysis of IFN-γ in human serum
The reliability of the paper-based ECL-LFI test was verified by using a commercial ELISA test. Upon adding serum of unknown concentration, ECL-LFI found a result of 206.5 ± 17.6 pg/mL; the ELISA result was 201.3 ± 10.2 pg/mL. Table 1 indicates that the detection results of the ECL-LFI test for IFN-γ in human sera agreed closely with those from the ELISA test. Moreover, the recovery of IFN-γ was 106.3%. Relative standard deviation (RSD) was 5.6% for IFN-γ (n = 3). ELISA is often used alone or in combination with other methods to detect TB (Mungmunpuntipatip and Wiwnaitkit, 2020). These results show that the paper-based ECL-LFI test can reliably determine IFN-γ in human serum.
TABLE 1 | Results of the detection of IFN-γ in human serum.
[image: Table 1]3.7 Specificity, reproducibility, and stability of the paper-based ECL-LFI test
The as-prepared ECL-LFI test was investigated to evaluate its specificity, reproducibility, and stability. Figure 7 shows the influence of external interference on ECL intensity. The average ECL intensity of Black, IFN-γ, IL-6, BSA, CEA, and AFP were 732.3, 4,396, 4,336.7, 4,322.3, 4,504.3, and 4,488, respectively (n = 3). The results indicate that BSA, CEA, AFP, and IL6 had no significant effect on the standard solution of IFN-γ, indicating that the ECL-LFI had a satisfactory specificity (p < 0.01).
[image: Figure 7]FIGURE 7 | Specificity of paper-based ECL-LFI test. P < 0.05 was considered significant; p < 0.01.
Ten paper-based ECL-LFI tests were used to detect 1,000 pg/mL IFN-γ. RSD for IFN-γ is 8.1%, indicating an acceptable reproducibility of the paper-based ECL-LFI (Table 2). The stability of the ECL paper-based ECL-LFI test was calculated by preparing ECL-LFI tests in three batches, with 10 pieces in each batch, and testing the ECL intensity: RSD for ECL IFN-γ is 4.97% (Table 3), in compliance with the Guidelines of the (NCCLS). These results demonstrate that the paper-based ECL-LFI test exhibited satisfactory specificity, reproducibility, and stability.
TABLE 2 | Reproducibility of the paper-based ECL-LFI test.
[image: Table 2]TABLE 3 | Stability of the paper-based ECL-LFI test.
[image: Table 3]4 CONCLUSION
The paper-based ECL-LFI test we developed enabled us to use a linear channel for electrochemical detection of IFN-γ in human serum, for the first time. This development enables us to add samples at one time and detect IFN-γ concentration in human serum without other operations. The proposed paper-based ECL-LFI test provides highly sensitive ECL signals. Moreover, the commercial ELISA test results demonstrate that the paper-based ECL-LFI test is highly reliable. Therefore, the paper-based ECL-LFI provides an effective approach for detection of IFN-γ in human serum and has potential application in facilitating accurate and reliable clinical diagnosis of TB. In addition, the successful preparation of the proposed ECL-LFI test can be applied to the detection of other diseases and lays a foundation for the preparation of multiple ECL paper-based ECL-LFI tests with multiple channels and multiple detection projects in the future.
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Background: Klebsiella pneumoniae (KP, K. pneumoniae) is one of the most important nosocomial pathogens that cause severe respiratory infections. As evolutionary high-toxic strains with drug resistance genes increase year by year, the infections caused by it are often accompanied by high mortality, which may be fatal to infants and can cause invasive infections in healthy adults. At present, the traditional clinical methods for detecting K. pneumoniae are cumbersome and time-consuming, and the accuracy and sensitivity are not high. In this study, nanofluorescent microsphere (nFM)-based immunochromatographic test strip (ICTS) quantitative testing platform were developed for point-of-care testing (POCT) method of K. pneumoniae.
Methods: 19 clinical samples of infants were collected, the genus-specific gene of mdh was screened from K. pneumoniae. Polymerase chain reaction (PCR) combined with nFM-ICTS based on magnetic purification assay (PCR-ICTS) and strand exchange amplification (SEA) combined with nFM-ICTS based on magnetic purification assay (SEA-ICTS) were developed for the quantitative detection of K. pneumoniae. The sensitivity and specificity of SEA-ICTS and PCR-ICTS were demonstrated by the existing used classical microbiological methods, the real-time fluorescent quantitative PCR (RTFQ-PCR) and PCR assay based on agarose gel electrophoresis (PCR-GE).
Results: Under optimum working conditions, the detection limits of PCR-GE, RTFQ-PCR, PCR-ICTS and SEA-ICTS are 7.7 × 10−3, 2.5 × 10−6, 7.7 × 10−6, 2.82 × 10−7 ng/μL, respectively. The SEA-ICTS and PCR-ICTS assays can quickly identify K. pneumoniae, and could specifically distinguish K. pneumoniae samples from non-K. pneumoniae samples. Experiments have shown a diagnostic agreement of 100% between immunochromatographic test strip methods and the traditional clinical methods on the detection of clinical samples. During the purification process, the Silicon coated magnetic nanoparticles (Si-MNPs) were used to removed false positive results effectively from the products, which showed of great screening ability. The SEA-ICTS method was developed based on PCR-ICTS, which is a more rapid (20 min), low-costed method compared with PCR-ICTS assay for the detection of K. pneumoniae in infants. Only need a cheap thermostatic water bath and takes a short detection time, this new method can potentially serve as an efficient point-of-care testing method for on-site detection of pathogens and disease outbreaks without fluorescent polymerase chain reaction instruments and professional technicians operation.
Keywords: PCR, immunochromatographic test strip (ICTS), POCT, strand exchange amplification (SEA), Klebsiella pneumoniae, rapid detection, nanofluorescent microsphere (nFM)
1 INTRODUCTION
Klebsiella pneumoniae (KP, K. pneumoniae) is one of the most harmful opportunistic bacteria and one of the main causes of nosocomial infections (Kong et al., 2018). It can cause bacterial pneumonia, liver abscesse (Chen et al., 2011; Nordmann and Poirel, 2014), sepsis and even other life-threatening consequences. In clinical investigations, drug-resistant K. pneumoniae was found to be highly contagious (Nordmann et al., 2012), especially in infants (Lee et al., 2020), because their immune system is fragile. The infections caused by K. pneumoniae are usually accompanied by high mortality (Arena et al., 2020), which could make severe challenges to clinical anti-infection treatment (Xu et al., 2017; Jia et al., 2022) and endanger infants’ health in developing countries (Zaidi et al., 2005; Li et al., 2021). At present, traditional microbial culture and drug resistance detection technologies consume a long time and are insensitive (Khan et al., 2014). Compared with the culture method, the molecular detection method is fast, sensitive and specific (Hooi et al., 2001). Among them, polymerase chain reaction (PCR) and immunochromatography are more commonly used. Traditional PCR detection methods based on agarose gel electrophoresis (PCR-GE) and real-time fluorescence quantitative PCR (RTFQ-PCR) (Chen et al., 2011; Nordmann and Poirel, 2014) have been widely used in the detection of pathogenic microorganism. However, PCR-GE can only be used for qualitative testing, and the following nucleic acid dyes in the agarose gel electrophoresis step are also toxic. RTFQ-PCR equipment is expensive (Glupczynski et al., 2016; Glupczynski et al., 2017; Song et al., 2020), which is not conducive to widespread clinical application.
In 2000, a study have developed a method, termed loop-mediated isothermal amplification (LAMP), that amplifies DNA under isothermal conditions (Notomi et al., 2000). This method employs a DNA polymerase and a set of four specially designed primers that recognize a total of six distinct sequences on the target DNA. Recently, a study using N.BspD6I nickel enzyme further explored the possible mechanism of DNA synthesis based on Bst DNA polymerase under non-template conditions (Zyrina et al., 2007). In 2016, strand exchange amplification (SEA) based on double-stranded DNA (dsDNA) degeneration bubbles was reported (Shi et al., 2016), which is the same with LAMP assay. However, the LAMP technology generally needs multiple pairs of primers and the primer design of LAMP is difficult, while SEA only uses one pair of primers. In SEA, a pair of primers (as shown in Figure 1) has been used to amplify DNA efficiently and steadily at a single temperature. As shown in the figure, a double-stranded DNA (dsDNA) exchanges one of its strands by a homologous single-stranded DNA (ssDNA) to form a heteroduplex product after completing the first primer expansion. DNA base have been added randomly by Bst DNA polymerase to the 3′ suspension due to its inherent nucleotide transferase activity. In the following rounds, more and more shift DNA strands with random 3′ suspension bases accumulate rapidly by the action of primers and Bst DNA polymerase. A new double strand can be formed if the newly synthesized strand has a 3′ drape DNA base, which complements the 3′ drape base of the previous replacement strand.
[image: Figure 1]FIGURE 1 | Schematic diagram of SEA.
Immunochromatography test paper technology was first introduced in the 1980s. The design of immunochromatographic test strip (ICTS) can be currently used for pathogens’ nucleic acid detection, and is called “nucleic acid lateral flow immunoassay” (NALFIA) (Duong and Rhee, 2007; Chen et al., 2008; Chen et al., 2019; Zhuang et al., 2019; Chen et al., 2022). Immunochromatography test strip technology is currently widely used in fields requiring rapid antigen testing, especially in clinical medicine (Lin et al., 2022), agriculture (Dong et al., 2022; Lu et al., 2022), drug abuse (Suryoprabowo et al., 2021), food (Wang et al., 2022; Xing et al., 2022) and environmental semi-antigen pollutants (Ren et al., 2021), and microbial pollutants (Gao et al., 2021). In recent years, scientists have been working to develop ICTS methods for pathogen detection (Li et al., 2020a), but its low sensitivity has made it a bottleneck worldwide. With the advancement of nanotechnology, functional magnetic nanomaterials are gradually applied to biological detection due to their large specific surface area, superparamagnetism, and controllable size (Duong and Rhee, 2007; Chen et al., 2019). The magnetic beads enable the isolation or extraction of target molecule or substance due to the good biocompatibility and adequate functional groups for chemical fixation which have been applied to immunoassay. Silicon coated magnetic nanoparticles (Si-MNPs) we made can be used for specific bioaffinity capture of molecules. Moreover, nanofluorescent microsphere (nFM) have good thermal stability, dispersibility, biocompatibility, high fluorescence stability, surface modification, narrow particle size and high luminous efficiency, and nFM are rarely employed for the immunochromatography methods (Zhang et al., 2015; Chen et al., 2019; Zhuang et al., 2019; Chen et al., 2022; Chen et al., 2023).
In order to enable detection in situ or without expensive instrument conditions, we developed and validated a novel, rapid and sensitive immunoassay combined with strand exchange amplification (SEA) for isothermal and quantitative detection of K. pneumoniae in infants with severe infection disease by a point-of-care immunochromatographic technique based on nanofluorescent microspheres (SEA-ICTS) in this study. With the use of functional nanoparticles as signal amplifiers greatly increases the sensitivity of ICTS for fluorescence sensing, the entire process can be completed in 30 min and the results can be quantified by ICTS sensor reader without false positives or negatives.
The genus-specific gene of mdh (Sun et al., 2008; Thong et al., 2011) was screened from K. pneumoniae to investigate the application potential of new immune chromatography technology in early clinical detection as well as to compare the existing used classical microbiological methods, PCR-GE and the RTFQ-PCR method. The SEA-ICTS method was optimized based on PCR-ICTS we established in this study; However, the optimized SEA-ICTS method is a more rapid, low-costed method compared with PCR-ICTS assay for the detection of Klebsiella pneumoniae (KP, K. pneumoniae) in infants and can potentially serve as an efficient point-of-care testing (POCT) method for on-site detection of pathogens and disease outbreaks.
2 MATERIAL AND METHODS
2.1 Bacterial culture and genomic DNA extraction
The bacterial strains used in this study included 19 clinical strains of Klebsiella pneumoniae (KP, K. pneumoniae) in infants collected from Nanjing Children’s Hospital (as shown in Table 1), one standard strain of K. pneumonia (ATCC 700603) and 14 clinical strains of non-Klebsiella pneumoniae (NKP) were provided from the Affiliated Hospital of Xuzhou Medical University and Xuzhou First People’s Hospital. Strains identification was performed by the traditional methods of bacteria culture and Vitek 2 Compact (BioMerieux, France), and all pathogenic strain DNA specimens are kept in the −80°C refrigerator. DNA extraction of all samples was carried out by TIANamp bacterial DNA kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. Ultraviolet spectrophotometer (Merinton SMA 1000, Beijing) was used to determine the ratio of A260/A280, and agarose electrophoresis was used to detect DNA integrity and evaluate DNA quality. The genome DNA (gDNA) of the above strain is stored at −80°C until it is thawed before analysis.
TABLE 1 | Bacterial strains of infants used for SEA-ICTS and PCR-ICTS in this study.
[image: Table 1]2.2 Reagents, chemicals and ICTS construction
All oligonucleotides, including target-specific primer sets (PCR and SEA) were synthesized by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). ICTS consists of six parts: sample pad, nitrocellulose membrane (NC), conjugate pad, absorption pad, polystyrene support card and detection area with test (T), and control line (C). Streptavidin-modified fluorescent microspheres were added into 1 mL of 0.01 mol/L PBS solution (pH 7.4) containing 0.9% Nacl, 1% BSA and 0.09% Proclin, then the mixture was centrifugated at 14,000 rpm for 15 min at 4°C. The supernatant was discarded and the residue was reconstituted in 1 ml of resuspension by vortex mixing and sonication. Repeat the above cleaning steps three times. Finally, 10 μL of Streptavidin-modified Fluorescent Microspheres were reconstituted in 100 μL of resuspension.
The sample pad was first treated with PBS solution (pH 7.4) containing 6% trehalose, 0.5% (v/v) Tween 20, 1% BSA, 0.5% pvpk30, 0.5% Tetronic 1,307 and 0.05% proclin300 followed by drying at 37°C for 10 h. The conjugate pad was saturated with Streptavidin-modified Fluorescent Microspheres and then dried at 37°C for 2 h. To obtain the detection area, Biotin−BSA and Anti-digoxin antibodies were diluted to the proper concentrations, filtered, and dispensed at the test line (T line) and control line (C line) respectively. The strip was assembled by laminating the sample pad, conjugate pad, NC membrane, and absorbent pad onto a backing card. The conjugate pad and the absorbent pad were separately attached to the ends of the NC membrane with overlaps of 2 mm. The sample pad was pasted onto the conjugate pad with a 2 mm overlap. The assembled backing was cut into the width of 4 mm and placed in a sealed bag with desiccant. In the end, it should be kept away from light and stored at 4°C.
2.3 Establish and optimize the nucleic acid amplification reaction conditions of SEA and PCR
2.3.1 Design of SEA and PCR primers
The genus-specific gene of mdh sequence of Klebsiella pneumoniae strain was obtained from GenBank nucleotide sequence database (http://www.ncbi.nlm.nih.gov). The specific primers for SEA (sF and sR) and PCR (F and R) were designed by NUPACK network software and Primer Premier 5.0 (Premier Biosoft International, Palo Alto, CA). Forward primer of sF and F were labeled with biotin at the 5′ end and reverse primer of sR and R were labeled with digoxigenin at the 3′ end. The primers above were synthesized by Sangon Biotech (Shanghai) Co., Ltd.
2.3.2 Establish and optimize of SEA and PCR
The SEA reaction was carried out within the final volume of 25 μL reaction system containing 7.5 μL primer, 2.5 μL DNA template, 4 μL buffer B of DNA polymerase and 11 μL buffer A of isothermal amplification buffer (Qingdao Naide Biotechnology Co., Ltd.) to form a reaction system, blow and mix well, and briefly centrifuge to remove bubbles. The product is visualized under ultraviolet light through 3% agarose gel electrophoresis. SEA’s identification and experimental procedures are auxiliary information. In order to optimize the reaction conditions, the fluorescence values of K. pneumoniae (ATCC 700603) genomic DNA (gDNA) were measured in a constant temperature of water bath of 60°C, 61°C, 62°C, 63°C, 64°C and 65°C. Each SEA reaction contains a positive and negative control, and all SEA experiments are repeated.
The PCR reaction was performed in a final volume of 25 µL containing 12.5 μL green Taq mixture (Vazyme, Nanjing), 1 μL forward primer (10 μmol/L), 1 μL reverse primer (10 μmol/L), 1 μL sample DNA and sterile deionized water. The PCR reaction was carried out on a Bio-Rad PCR system under the following conditions: 95°C 5 min, 30 cycles of 95°C 30 s, 58.5°C 30 s and 72°C 30 s, finally extend for 7 min at 72°C. The products were visualized under ultraviolet light through 1.5% (w/v) agarose gel electrophoresis (PCR-GE) to minimize the possibility of non-specific amplification.
2.4 Purification SEA/PCR products
Add 5 μL SEA or PCR products and 9 μL Si-MNPs, the mixture was hatched at room temperature (RT), and slowly mix for 5 min to fully adsorb DNA fragments. The Si-MNPs-DNA complex was then fixed with magnets for 2 min and washed twice with alcohol solution (85%). Suspend Si-MNPs with 15 μL of sterile deionized water, and then remove Si-MNPs from the nucleic acid products. Then the purified SEA or PCR products can be used for ICTS detection or stored at −20°C. The whole process is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The illustration of Si-MNPs purified SEA/PCR products.
2.5 Establish SEA-ICTS and PCR-ICTS for the detection of Klebsiella pneumoniae
Add the reaction mixture of 100 μL containing purified 15 μL SEA or PCR products and 85 μL PBS (pH 7.4) to the reaction tube. Then, the mixed solution were directly added into our ICTS sample pad, which was the specific positions designated as the capture test lines on the strip, and 100 μL PBS solution was used as the blank control. The fluorescence value was read by ICTS sensor reader of Nanoeasy 1700 (Nanoeast, Nanjing, China) which we made after 2 min and the relevant image was recorded by fluorescence imager. The quantification of SEA or PCR products can be completed in 3 min.
2.6 Detection of sensitivity and specificity of SEA-ICTS and PCR-ICTS
The genus-specific gene of mdh was used to detect the specificity of microorganisms of K. pneumoniae, and other pathogenic samples (as shown in Table 1) of SEA-ICTS and PCR-ICTS methods as well as to evaluate the specificity of the test paper. The SEA amplification were carried out using 28.2 to 2.82 × 10−8 ng/μL standard DNA to evaluate the detection limits of SEA-GE and SEA-ICTS (Figure 7). The PCR amplification were carried out with standard DNA of 7.7 to 7.7 × 10−7 ng/μL to evaluate the detection limits of PCR-GE and PCR-ICTS (Figure 7). Sterile deionized water is used as a negative control, and the concentration is repeated three times per concentration. The ICTS sensor reader is used for detection. In the fluorescence threshold test, the signal value is defined as 500 (detection limit). If the signal value is greater than 500, the result is positive, otherwise the signal value is less than 500, which is negative.
K. pneumoniae standard strain (ATCC 700603), 19 clinical isolates and 14 non-Klebsiella pneumoniae reference strains were used to evaluate the specificity of SEA-ICTS and PCR-ICTS assays (as shown in Table 1). And sterile phosphate-buffered saline (PBS buffer, pH 7.4) was used as a negative control for DNA extraction. The reaction was carried out under optimized conditions. All samples were performed in duplicate.
2.7 RTFQ-PCR quantitative detection
RTFQ-PCR reaction was carried out on the StepOne PULS fluorescence quantitative PCR analyzer (ABI, Foster, CA, United States) using a 2X SG Fast qPCR Master Mix (High Rox, BBI, ABI). Each 20 μL reaction mixture contains 10 μL 2X SybrGreen qPCR main mixture (High Rox, B639273, BBI, ABI), 0.4 μL primer F (10 μmol/L), 0.4 μL primer R (10 μmol/L), 2 μL DNA template and sterile deionized water with a volume of up to 20 μL. The cyclic conditions are as follows: 95°C 3 min, 45 cycles of 95°C 5 s, 60°C 30 s. The sensitivity of RTFQ-PCR (mdh) was evaluated using gDNA (1.74 × 107–1.74 × 103 copies/μL) of different concentrations of K. pneumoniae strains. All processes were repeated three times, including negative and positive control.
3 RESULTS
3.1 The principle of ICTS quantitative testing platform based on nanofluorescent microsphere (nFM)
Genomic DNA is extracted, and then performed to nucleic acid isothermal amplification of SEA and variable temperature amplification of PCR, respectively (Figure 3). The specific primers of genus-specific gene mdh for SEA (sF and sR) and PCR (F and R) were labelled on 5′-end with biotin and digoxigenin, respectively. After purification of SEA or PCR products, the reaction mixture was directly loaded on the immunochromatographic test strips based on nFM. One end of the enlarged products is marked with biotin and bound to FM-labeled streptavidin, and the other end is marked with digoxin, which binds to the anti-digoxin antibody on the test line (T), redundant streptavidin-coated nFM can be combined with biotin-labeled BSA on the control line (C), thereby a portable test paper reader of fluorescence detection system can receive fluorescence signal. Using the ICTS sensor reader to detect stronger fluorescence signals, and the results can be quantified and shared in real time through the network. In the presence of the target, the positive result appeared with two data at the T and C line positions on the strip, while in the absence of the target, the negative result with a very low value (value < 500) at the T line position on the strip. Negative control using PBS instead of SEA or PCR products did not result in any value on the T lines. So the SEA-ICTS and PCR-ICTS methods can be used to rapid and specific analysis of gDNA isolated from K. pneumoniae. No false-positive or false-negative results were ever seen, and the results were comparable to PCR-GE and RTFQ-PCR (as shown in Table 1).
[image: Figure 3]FIGURE 3 | Schematic diagram of immunochromatographic test strip (ICTS). (A) Schematic diagram of immunochromatographic test strip for the detection of Klebsiella pneumoniae. (B) Photograph of the packaged ICTS and its internal structure, consisting of a sample pad, a conjugate pad, a detection region with test and control lines, and an absorbent pad.
3.2 Characterization of nanofluorescent microspheres-streptavidin (nFM-SA)
The nanofluorescent microspheres-streptavidin (nFM-SA) conjugates was prepared based on coupling method and the corresponding characterization was performed. Figure 4A shows that the nFM have a standard spherical structure before and after SA modification. From the transmission electron microscopy image, compared with free-nFM, the surface of the nFM-SA microspheres was covered with a membrane-like structure. Both nFM and nFM-SA have good uniformity and dispersibility and are soluble in water and other common solvents. To confirm the success of cross-linking, fluorescence spectra and ultraviolet visible (UV-Vis) absorption were used. Compared with unmodified nFM, nFM-SA has obvious a protein characteristic peak near 280 nm in UV–visible absorption spectra, indicating that SA has successfully combined with nFM (Figure 4B). As shown the fluorescence spectroscopy in Figure 4C, the maximum emission wavelength of nFM is 676 nm, and the fluorescence intensity of nFM-SA decreased compared with that of the unmodified nFM. The main reason is attributed to the fact that the organic structure of SA wrapped on the surface of the fluorescent microspheres absorbs part of the fluorescence of the nFM (Shang et al., 2021). These data indicate that the nFM-SA complex were successfully prepared and fully met the test strip requirements.
[image: Figure 4]FIGURE 4 | Characterization of nFM and nFM-SA conjugates. (A) Transmission electron microscopy (TEM) images of synthesized nFM and nFM-SA conjugates, (B) Ultraviolet visible (UV–vis) absorption, and (C) fluorescence emission spectra of free nFM and nFM-SA conjugates.
3.3 Verification of the SEA and PCR technique for nucleic acid detection
To test the feasibility of the SEA-ICTS and PCR-ICTS platform for nucleic acid detection, a genus-specific gene of mdh for K. pneumoniae was selected. The SEA and PCR products were visualized under ultraviolet light through agarose gel electrophoresis (GE), and compared to DNA Marker (TaKaRa, Dalian, China) to verify the products or the size of amplicons in order to minimize the possibility of non-specific amplification. The results showed that the PCR and SEA products were successfully amplified, while negative control did not show any amplification results (Figure 5).
[image: Figure 5]FIGURE 5 | Establishment and identification of SEA and PCR. (A) SEA result. Lane M, DL 500 DNA marker. Lane 1, SEA product of mdh for Klebsiella pneumoniae by 3% (w/v) agarose gel electrophoresis. Lane 2, negative control. (B) PCR result. Lane M, DL 2000 DNA marker. Lane 1, PCR products of mdh for Klebsiella pneumoniae determined by 1.5% (w/v) agarose gel electrophoresis. Lane 2, negative control.(C) Detection sensitivity of PCR-GE using serially diluted Klebsiella pneumoniae (mdh); lane M, DL1200 marker; lanes 1–8, DNA concentration from 7.7 to 7.7 × 10−7 ng/μL. Lane 9, negative control. The size of the PCR products (mdh) was 364 bp.
3.4 The results of before and after purification of SEA/PCR products
In order to correctly detect SEA or PCR products, Si-MNPs were used as a purification and signal amplifier to remove false positive results. As shown in Table 2, the test line value in the dilution group (blank control) showed that the background signal value of the fluorescence intensity is relatively low, indicating that the test strip itself does not produce false positive. In the negative control groups, the fluorescence intensity of the pre-purification signal of the negative samples were 5,643 and 4,548, indicating that the amplification of the non-target band caused false positive results. The signal intensity after purification were reduced to 176 and 187, indicating that most non-target strips have been cleared during purification, and ICTS can be used to detect K. pneumoniae as an effective tool. There is no significant difference in signal values between S1, S2 and S3 positive samples before and after purification, which are similar to the results of P1, P2 and P3. These results are consistent with the results of agarose gel electrophoresis. Therefore, the ICTS strips had good repeatability and strong screening ability, which can eliminate false positive results.
TABLE 2 | The fluorescence intensity results of before and after purification of SEA/PCR products.
[image: Table 2]3.5 Optimize the reaction conditions of SEA-ICTS
In order to optimize the reaction conditions of temperature and time, the standard strain of K. pneumoniae was used as a target to optimize the reaction temperature in a constant temperature of water bath of 58°C, 59°C, 60°C, 61°C and 62°C. All SEA-ICTS experiments were repeated and contain negative control. As shown in Figure 6A, the optimum reaction temperature was 60°C. Then, the fluorescence values of SEA amplicons were collected every 5 min from 0 to 60 min under 60°C as the optimize the reaction temperature. As shown in Figure 6B, when the reaction time reached 20 min, the fluorescence values was 31,153, which was significantly different from the negative control. The SEA products were also visualized by agarose gel electrophoresis (SEA-GE), the results were consistent with SEA-ICTS (Figure 6C). Therefore, 60°C reaction for 20 min was determined as the optimal reaction conditions for SEA-ICTS assay.
[image: Figure 6]FIGURE 6 | Optimize the reaction conditions of SEA. (A) Fluorescence values of standard strain of Klebsiella pneumonia at 58°C, 59°C, 60°C, 61°C and 62°C, respectively by SEA-ICTS; (B) Fluorescence values of parallel samples collected by SEA-ICTS every 5 min from 0 to 60 min at 60°C; (C) SEA product determined by 3% agarose gel electrophoresis. Lane M, DL 500 DNA marker. Lane 1, 35 min. Lane 2, 30 min. Lane 3, 25 min. Lane 4, 20 min. Lane 5, 15 min, Lane 6, negative control.
3.6 Detection of sensitivity and of SEA-ICTS and PCR-ICTS
In SEA-ICTS method, the mdh gene was detected by using a concentration of 28.2 ng/μL and ten times continuously diluted. The results determine the sensitivity of SEA-ICTS. In SEA-ICTS, the fluorescence signal values of standard DNA dilution range from 51686.88 to 310.07, and the concentration of mdh decreased from 28.2 to 2.82 × 10−8 ng/μL. The relationship between different concentrations and the test value was observed {Y = 45286.1 − 44072.9/(1 + exp^[(x+2.4)/0.6])}, the correlation analysis shows that the Pearson correlation coefficient (Pearson’s r) between DNA concentration and ICTS results is R2 = 0.9396 (Figure 7A). The results showed that the sensitivity of SEA-ICTS for the detection of mdh was 2.82 × 10−7 ng/μL.
[image: Figure 7]FIGURE 7 | Sensitivity detection of Klebsiella pneumoniae. (A,B), The correlation curves were established with the logarithmic value of DNA concentration as the abscissa and the signal value (T value) of ICTS as the ordinate. Each value was derived from three independent experiments, and the error bars mean standard deviations.
In PCR-ICTS method, the mdh gene was detected by using a standard strain concentration of 7.7 ng/μL and diluted ten times continuously. The results determine the sensitivity of PCR-GE and PCR-ICTS (Figure 5C, 7). In PCR-ICTS, the fluorescence signal values of standard DNA dilution range from 286.52 to 30,462. The relationship between different concentrations and the test value was observed {Y = 30008.6 − 29388/(1 + exp^[(x + 1.3)/0.3])}, and mdh concentration decreased from 7.7 to 7 × 10−7ng/μL. Correlation analysis shows that the Pearson correlation coefficient (Pearson’s r) between DNA concentration and ICTS results is R2 = 0.9411. The results show that the detection limits of the mdh gene used by PCR-ICTS is 7.7 × 10−6 ng/μL, which is 1,000 times that measured by PCR-GE of 7.7 × 10−3 ng/μL (Figure 5C). However, the detection limits of the mdh gene used by SEA-ICTS is 2.82 × 10−7 ng/μL, which is 10 times that measured by PCR-ICTS.
3.7 Specificity detection of clinical sample by SEA-ICTS and PCR-ICTS
To verify the specificity of new methods, Klebsiella pneumoniae (KP, K. pneumoniae) specimens from infants and 14 cases of non-Klebsiella pneumoniae (nKP) biopathogens were tested. The results showed that only K. pneumoniae strains showed characteristic amplification band, while nKP strains and negative control did not show any amplicon (Figure 8). Then, 19 cases Klebsiella pneumoniae (KP, K. pneumoniae) specimens from infants and 14 cases of non-Klebsiella pneumoniae (nKP) biopathogens were tested by SEA-ICTS and PCR-ICTS. The results showed that the detection of KP and nKP with ICTS technology were consistent with traditional detection methods, which showed a high degree of specificity (Table 3).
[image: Figure 8]FIGURE 8 | Specificity detection of Klebsiella pneumoniae. (A) Detection specificity of SEA-GE using Klebsiella pneumoniae (mdh) and non-Klebsiella pneumoniae: lane M, DL 500 DNA marker; lanes 1-2, Klebsiella pneumoniae with different DNA concentrations; lanes 3–16, non-Klebsiella pneumoniae, Lane 17, negative control. (B) Detection specificity of PCR-GE using Klebsiella pneumoniae and non-Klebsiella pneumoniae: lane M, DL 1200 DNA marker; lanes 1-2, Klebsiella pneumoniae; lanes 3–16, non-Klebsiella pneumoniae. Lane 17, negative control.
TABLE 3 | Comparison of SEA-ICTS and PCR-ICTS results with PCR-GE and Vitek 2 compact results (mdh).
[image: Table 3]3.8 RTFQ-PCR quantitative detection
The genus-specific gene of mdh of K. pneumoniae was detected by the gold standard detection method of RTFQ-PCR. According to Figure 9A, there is a good linear relationship between the logarithm of DNA concentration and the periodic threshold (Ct) value of RTFQ-PCR. The linear equation is y = −3.211x + 38.869, and the R2 value exceeds 0.99. The minimum detection limit for plasmids containing the target gene is 67.3 copies/uL, which is converted to a DNA concentration with the sensitivity of 2.5 × 10−6 ng/uL. From Figure 9B, it can be judged that the detection results of different DNA concentrations of K. pneumoniae are very repetitive and sensitive.
[image: Figure 9]FIGURE 9 | Detection sensitivity of RTFQ-PCR using standard strain of Klebsiella pneumoniae. (A) The standard curve of the RTFQ-PCR for the detection of 5 Klebsiella pneumoniae DNA samples from 5.8 × 10−2 to 5.8 × 10−6 ng/μL; (B) The amplification curves of RTFQ-PCR method of these 5 Klebsiella pneumoniae samples with different concentrations. Numbers 1–5 represent the different concentrations.
4 DISCUSSION
In recent years, due to long-term excessive and improper clinical use of carbapenem antibiotic etc., the detection rate of K. pneumoniae has been increasing, especially in hospital-born infants (Yu et al., 2016) with serious infectious diseases (Lôme et al., 2018; Porreca et al., 2018; Huang et al., 2020).
In this study, 19 samples used SEA-ICTS, PCR-ICTS, qualitative testing of agarose gel electrophoresis, and traditional clinical methods as well as the molecular gold standard technology of RTFQ-PCR for the detection of the genus-specific gene of K. pneumoniae from infants.
Under optimum working conditions, the detection limits of PCR-GE, RTFQ-PCR, PCR-ICTS and SEA-ICTS are 7.7 × 10−3, 2.5 × 10−6, 7.7 × 10−6, 2.82 × 10−7 ng/μL, respectively. The PCR-ICTS and the SEA-ICTS assays have detected K. pneumoniae, and could specifically distinguish K. pneumoniae samples from non-Klebsiella pneumoniae samples. Moreover, the fluorescence intensity by ICTS was higher than electrophoretic band in agarose gel electrophoresis detection. The results showed that SEA-ICTS and PCR-ICTS detection platform in this study have high sensitivity and strong screening ability, which can eliminate false negative results.
Immune chromatography can only detect specific bacterial antibodies based on monoclonal or polyclonal (Li et al., 2020b), and most test strips are only used for qualitative experiments. In this study, streptavidin-modified nFM were used to capture amplification products labeled with biotin. Compared with colloidal gold, nFM has higher signal values, a wider linear range, better interoperability and repeatability, and is also suitable for quantitative detection. In addition, the high degree of specific affinity and multi-stage amplification between biotin and nFM can be used to improve the sensitivity of detection lines to immune binding and trace analysis.
In recent years, new ICTS-based detection methods have emerged, which means that ICTS methods are practical in many fields. These methods reduce the detection workload and the possibility of bacterial contamination (Kuo et al., 2015; Vyas et al., 2015). The ICTS method, combined with some special equipment, can process large-volume samples in complex analytical processes. For example, Xu et al. (2013) proposed a new information and communication technology that uses multiclonal antibodies to label FMs to detect C. jejuni, which can only qualitatively detect clostridium difficile. Zhang et al. (2013) developed a plant pathogens (Cmn and Pss) detection method based on microsphere-based fluorescent immunoassay, which analysis time (1 h) was much shorter compared with ELISA (6–8 h). However, flow cytometry and more samples are required in this method. Blavikova et al. (2011) developed an ICTS detection method requiring special equipment and complex analytical processes (total analysis time is 16 h).
However, the ICTS quantitative testing platform developed in this study have advantages such as being simple to operate, low-cost, high sensitivity and specificity as well as rapid quantitative detection. It can achieve quantitative detection of target DNA sequences through low-costed and small-sized detection equipment. After purification process of magnetic beads, the false positive can also be reduced; Therefore, the ICTS quantitative testing platform are popularized and used in areas with poor clinical and medical equipment where vulnerable to K. pneumoniae pathogens. In contrast, traditional microbial methods usually take 2–3 days to obtain qualitative results, which is time-consuming and laborious. PCR assay based on agarose gel electrophoresis (PCR-GE) takes a relatively long time (220 min:30 + 100 + 90), but it has low sensitivity, toxic nucleic acid dyes used, and cannot obtain quantitative results; RTFQ-PCR method has advantages of faster (160 min: 30 + 130) and high sensitivity, however, this assay requires skilled technicians and expensive nucleic acid amplification instrument, which limited the application scope of this method (Table 4).
TABLE 4 | Parameters comparison of methods used for detection of Klebsiella pneumoniae of infants.
[image: Table 4]In fact, after purification of nucleic acid amplification products (SEA or PCR products), the ICTS detection time only need 2–3 min. In this article, we choose 30 min as a comparative benchmark for the whole process including purification and ICTS. Especially, in our ICTS quantitative testing platform, the SEA-ICTS method was optimized based on PCR-ICTS we established in this study, which is a more rapid, low-costed method compared with PCR-ICTS assay for the detection of Klebsiella pneumoniae (KP, K. pneumoniae) (KP) in infants. Only needs cheap thermostatic water bath and takes a short detection time, this new method can potentially serve as an efficient POCT method for on-site detection of pathogens and disease outbreaks without fluorescent PCR instruments and professional technicians operation.
In summary, this study aims to eliminate the application of gel electrophoresis in nucleic acid amplification product analysis and replace it with a faster, quantitative and cost-effective ICTS testing platform of SEA-ICTS and PCR-ICTS. The detection sensitivity of these two methods is nearly the same with RTFQ-PCR, but the cost is lower than that of RTFQ-PCR, which is cheaper and more suitable for testing clinical samples, especially in poor working conditions in hospitals. SEA-ICTS and PCR-ICTS methods can be used as alternatives to complement each other, according to the test working conditions. Therefore, due to its high sensitivity, strong specificity, simple operation, low-costed and strong detectability, the new ICTS quantitative testing platform can be used as an ideal tool to quantitatively and accurately determine whether patients, especially infants are infected with K. pneumoniae.
5 CONCLUSION
This paper introduces an nFM-based ICTS quantitative testing platform (SEA-ICTS and PCR-ICTS) that can detect Klebsiella pneumonia in infants as low as 2.82 × 10−7 ng/μL of SEA-ICTS method and 7.7 × 10−6 ng/μL of PCR-ICTS method. The results have showed that the new ICTS methods were fast, non-toxic, simple and low-costed. In particular, the SEA-ICTS method does not require special and expensive equipment and complex technologies to achieve high specificity and sensitivity, facilitate the rapid detection of K. pneumoniae, and may become an alternative fast and easy clinical sample detection tool to RTFQ-PCR and the traditional clinical detection methods.
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Multisystem inflammatory syndrome in children (MIS-C) is a rare but serious condition that can develop 4–6 weeks after a school age child becomes infected by SARS-CoV-2. To date, in the United States more than 8,862 cases of MIS-C have been identified and 72 deaths have occurred. This syndrome typically affects children between the ages of 5–13; 57% are Hispanic/Latino/Black/non-Hispanic, 61% of patients are males and 100% have either tested positive for SARS-CoV-2 or had direct contact with someone with COVID-19. Unfortunately, diagnosis of MIS-C is difficult, and delayed diagnosis can lead to cardiogenic shock, intensive care admission, and prolonged hospitalization. There is no validated biomarker for the rapid diagnosis of MIS-C. In this study, we used Grating-coupled Fluorescence Plasmonic (GCFP) microarray technology to develop biomarker signatures in pediatric salvia and serum samples from patients with MIS-C in the United States and Colombia. GCFP measures antibody-antigen interactions at individual regions of interest (ROIs) on a gold-coated diffraction grating sensor chip in a sandwich immunoassay to generate a fluorescent signal based on analyte presence within a sample. Using a microarray printer, we designed a first-generation biosensor chip with the capability of capturing 33 different analytes from 80 [image: image] of sample (saliva or serum). Here, we show potential biomarker signatures in both saliva and serum samples in six patient cohorts. In saliva samples, we noted occasional analyte outliers on the chip within individual samples and were able to compare those samples to 16S RNA microbiome data. These comparisons indicate differences in relative abundance of oral pathogens within those patients. Microsphere Immunoassay (MIA) of immunoglobulin isotypes was also performed on serum samples and revealed MIS-C patients had several COVID antigen-specific immunoglobulins that were significantly higher than other cohorts, thus identifying potential new targets for the second-generation biosensor chip. MIA also identified additional biomarkers for our second-generation chip, verified biomarker signatures generated on the first-generation chip, and aided in second-generation chip optimization. Interestingly, MIS-C samples from the United States had a more diverse and robust signature than the Colombian samples, which was also illustrated in the MIA cytokine data. These observations identify new MIS-C biomarkers and biomarker signatures for each of the cohorts. Ultimately, these tools may represent a potential diagnostic tool for use in the rapid identification of MIS-C.
Keywords: COVID-19, MIS-C, diagnostic, biomarkers, microarray
INTRODUCTION
Acute pediatric SARS-CoV-2 infections, although usually mild, have hospitalized over 150,000 children since the coronavirus disease-2019 (COVID-19) pandemic began (https://covid.cdc.gov/covid-data-tracker/#new-hospital-admissions). In rare instances, two to 6 weeks after an acute infection, children can develop a severe inflammatory disorder known as multisystem inflammatory syndrome in children (MIS-C) (Guimarães et al., 2021; Radia et al., 2021). The syndrome is non-specific and is associated with, but not limited to, the following symptoms: abdominal pain, diarrhea, vomiting, rashes, red eyes, red or swollen hands/feet, red cracked lips, cough, sore throat, fever, cardiovascular dysfunction, and respiratory dysfunction (Feldstein et al., 2020; Ramaswamy et al., 2020; Guimarães et al., 2021; Radia et al., 2021; Algarni and Alghamdi. 2022). According to the CDC as of 30 January 2023 in the US there have been 9,344 MIS-C patients (“CDC COVID Data Tracker: Multisystem Inflammatory Syndrome in Children (MIS-C)” n.d.). Half of children with MIS-C are admitted to the intensive care unit (ICU) and 76 children have died from MIS-C. Unfortunately, MIS-C symptoms and the associated immune response mimics other inflammatory diseases. For example, Kawasaki disease (an acute and self-limited vasculitis of unknown etiology) shares many clinical and laboratory markers with MIS-C (e.g., fever, rash, red eyes, inflammatory markers) leading to misdiagnosis and delaying definitive management (Newburger et al., 2016; Phamduy et al., 2021).
Diagnosing MIS-C and Kawasaki (and atypical Kawasaski Disaease) often depends on blood laboratory markers; however, venipunctures can be invasive and traumatic, and it can be difficult to collect substantial blood volumes in pediatric patients (Bagnasco et al., 2012). The development of a simple and fast diagnostic tool that requires small volumes of serum or saliva to distinguish between these inflammatory diseases would help decrease diagnostic time and allow for optimized treatment options. (Li et al., 2020; Mahmoud et al., 2021). Current approaches to the analysis of biofluids using bead-based multiplex ELISA immunoassays, multi-parameter flow cytometry, reverse phase arrays, 2-D gel electrophoresis, 2-D differential in-gel electrophoresis (2-D DIGE), and antibody (Ab) microarrays can be time consuming, demanding of larger sample sizes, and labor intensive. (Amanullah et al., 2002; Noordin and Nurulhasanah, 2013). In this study, we created a novel grating-coupled fluorescent plasmonics (GCFP) microarray assay using 33 analytes to define the biosignatures of children effected by SARS-CoV-2 infection. In previous studies, GCFP has been demonstrated to be a highly sensitive tool for exploring proteomic profiles in both serum and saliva (Molony et al., 2012; Rice et al., 2012; Chou et al., 2020; Cady et al., 2021). In brief, this technology is on based surface plasmon resonance (SPR): the physical phenomenon of energy transfer at a metal-dielectric interface (Figures 1A,B) (Unfricht et al., 2005; Jin et al., 2006; Marusov et al., 2012; Molony et al., 2012; Chou et al., 2020). Under specific optical conditions, the energy of the light excites electron density oscillation (the plasmon) within the metal coating on the sensor chip, reducing the intensity of the reflected light. Using the diffraction grating on the chip, the wave vector of the illuminating beam of light can be matched with the plasmon wave vector. The gold grating plus the use of a fluorophore increases the collected light, thereby enhancing the signal (Figure 1B) (Reilly et al., 2006). Here we describe a new approach to MIS-C diagnostics that can be applied to both serum and saliva analysis. We demonstrate that the modification of a gold-coated nanoscale grating surface chip with capture antibodies targeting different analytes in a biofluid sample, combined with the use of surface plasmon resonance-enhanced fluorescence, assesses biomarkers simultaneously creating a biomarker signature (including both positive and negative detection), which can potentially distinguish MIS-C from other diseases. This assay combines the detection of several biomarkers into a biomarker signature, and we hypothesize that testing numerous biomarkers increases the likelihood of developing a robust biosignature for MIS-C. We also identify potential new markers of MIS-C and optimize sensitivity of current analytes within the microarray, which along with ongoing studies will inform the design of a second-generation chip that is more specific to MIS-C.
[image: Figure 1]FIGURE 1 | GCFP assay and wavelength pathway. (A) Capture antibodies are immobilized onto a gold-coated nanoscale grating surface chip by pin spotting. Chips were then fitted with plexiglass windows and gaskets to create a flow cell for fluid to pass over the surface of the printed chip. Fluid containing potential analytes can then be run over the assembled chip, followed by biotinylated secondary antibodies and then streptavidin-Alexafluor647, with washes in between steps with PSB-T. The chip can then be placed in a GCFP reader where a laser illuminates the chip and the fluorescence intensity is collected with a camera and each ROI is analyzed using Enhanced Fluorescence Reader software, V2.3. (B). Under normal SPR optical conditions, the energy of the light excites electron density oscillation (the plasmon) within the metal coating on the sensor chip, reducing the intensity of the reflected light (Black lines). Using the diffraction grating on the chip, the wave vector of the illuminating beam of light can be matched with the plasmon wave vector (red lines). The gold grating plus the use of a fluorophore increases the collected light, thereby enhancing the signal (red lines).
MATERIALS AND METHODS
Biological samples
Our prospective observational study included 260 subjects, birth to ≤21 years of age, enrolled 1 April 2020, through 1 May 2022, at sites in Connecticut, United States and Cali, Colombia. After obtaining IRB approval (#21-004), subjects were enrolled in two cohorts: an experimental cohort (Cohort A) and a reference cohort (Cohort B). The experimental cohort was comprised of subjects who were positive for SARS-CoV-2 infection per antigen or PCR testing and hospitalized for COVID-19 symptoms (subgroup A1); hospitalized and meeting the Center for Disease Control’s criteria for MIS-C (subgroup A2); and non-hospitalized subjects testing positive for SARS-CoV-2 by antigen or PCR, (subgroup A3). The reference cohort was comprised of SARS-CoV-2 negative subjects who were: hospitalized with a diagnosis of Kawasaki disease (subgroup B1); hospitalized because of an acute viral infection (subgroup B2); or healthy controls undergoing routine ambulatory surgery (subgroup B3). To ensure correct subgroup assignment, cases were independently reviewed and adjudicated by three pediatric specialists. Demographic data, health history, current symptoms, and in-patient treatments and diagnostic testing results were collected at baseline. Subjects will be followed for up to 4 years via survey for health and SARS-CoV-2 vaccine status.
Patient saliva processing
Patient saliva samples were stored at −80°C for at least 24 h prior to processing. The samples were placed in the biosafety cabinet and allowed to thaw at room temperature for approximately 20 min. Once thawed, the tubes were cleaned with alcohol wipes and centrifuged at 200 g for 15 min at 4°C. For samples to be analyzed with the grating-coupled fluorescent plasmonic biosensor chip, 500 μL of supernatant was aliquoted and 35 μL of protease inhibitor dissolved in 1 mL PBS was added (Pierce™ protease inhibitor tablet, Thermo Fisher Scientific, MA, USA) was added. For samples intended to be used in 16S RNA PacBio sequencing, 250 μL of supernatant was aliquoted and heat-inactivated for 30 min at 56°C. Once processed, samples were stored at −80°C until use.
Patient serum processing
Sera were isolated from patient blood samples by resting the blood for approximately 30 min after collection to allow for coagulation. The non-coagulated fraction was transferred into a 15 mL tube and centrifuged at 1000 g for 15 min. Supernatant was then transferred to a new tube and centrifuged at 1000 g for 5 min. Supernatants were aliquoted into 200 μL cryovials and stored at −80°C until transferred to participating laboratories.
Printing of grating-coupled fluorescence plasmonic (GCFP) biosensor chip
Biosensor chips were fabricated and processed as described previously with the following modifications (Molony et al., 2012; Rice et al., 2012; Chou et al., 2020; Cady et al., 2021). Capture antibodies were diluted to 250 μg/mL with PBS (Table 1) and printed on the GCFP chips using a 0.35 mm diameter microarray pin and a SpotBot II microarray printer (ArrayIt, CA, United States) or an XactII microarray printer (LabNEXT, NJ, United States). Each capture antibody was spotted to create five individual regions of interest (ROI) per analyte on each biosensor chip. During printing, microarrays were kept at a relative humidity of 70% and at ambient temperature (AT) (−25°C). After printing, chips were allowed to dry at a relative humidity of 70% and AT (−25°C) for 1 h. Chips were then transferred to a 50 mL polypropylene tube containing desiccant and stored at AT for up to 4 weeks, with no significant signal loss (data not shown).
TABLE 1 | Regions of interest used on first generation chip.
[image: Table 1]Grating-coupled fluorescence plasmonic detection assay
Biosensor chips were processed as previously described with the following modifications (Molony et al., 2012; Rice et al., 2012; Chou et al., 2020) (Figure 1). Chips were fitted with plexiglass windows and gaskets to allow fluid to pass over the surface of the chip. The chip was then blocked with 80 μL of Superblock™ T20 (PBS) blocking buffer (Thermo Fisher Scientific, MA, United States) in a static incubation for 1 h. Each chip was then washed with PBS-T at a flow rate of 0.5 mL/min for 3 min using a peristaltic pump. PBS doped with recombinant protein (20 ng/mL) or patient samples (80 μL of serum or saliva samples diluted with PBS to 1.5 mL) were then recirculated over the chip for 90 min at 0.5 mL/min for 3 min. Each chip was then washed with PBS-T at 0.5 mL/min for 3 min. Biotinylated secondary antibody mixtures were created with all detection antibodies at a concentration of 200 ng/mL and then recirculated over the chip for 90 min. The chip was then washed with PBS-T at 0.5 mL/min for 3 min and then PBS containing 500 ng/mL of streptavidin-AlexaFluor 647 (Thermo Fisher) was recirculated over the chip for 1 h. The chip was then washed for a final time with PBS-T at 0.5 mL/min for 3 min and 70 μL of PBS was injected into the flow cell. ROIs were then identified using Ciencia software, Enhanced fluorescence Reader V2.3, and fluorescence intensity for each ROI was collected using a GCFP reader (Ciencia, Inc.). A GCFP detection ratio was used to normalize each ROI value as previously described (Cady et al., 2021)
16S-23S rRNA microbiome sequencing
DNA was extracted using the Complete Lyse & Purify kit (Shoreline Biome, Farmington, CT, United States). Saliva samples were thawed on ice, and between 50 μL and 200 µL of saliva was pelleted by centrifuged at 5,500 rpm for 10 min. Pellets were resuspended in nuclease-free water, then purified according to the manufacturer’s protocol. Extracted DNA was amplified with the StrainID Amplify kit according to manufacturer protocol and as previously described (Graf et al., 2021). Briefly, 10 µL of DNA and 10 µL of PCR mix (Shoreline Biome, United States) were added to each well with barcoded primers. The PCR reaction was carried out on a thermocycler (BioRad, Hercules, CA, United States) according to manufacturer protocol. Amplicons were screened on a QIAxcel (Qiagen, Germantown, MD, United States) Advanced system using the Fast Analysis protocol. Samples were then pooled together based on band intensity. Samples were cleaned using the GeneRead Size Selection Kit (Qiagen, United States) according to manufacturer protocol and resuspended in 50 µL of elution buffer. After verifying that both pools were pure, amplicons were pooled and sequenced on a PacBio Sequel IIe. Sequences were demultiplexed with SBAnalyzer, then split into groups of approximately 35 samples. DADA2 software (https://benjjneb.github.io/dada2/) was used to call ASVs, and taxonomy was assigned using the Athena database (Graf et al., 2021; Callahan et al., 2016). Data analysis was performed in QIIME2 and R (McMurdie and Holmes, 2013; Bolyen et al., 2019). Visualizations were made with GraphPad Prism and microViz (Barnett et al., 2021). The code used is available at https://github.com/brandon-osullivan/Code-for-Maltz-Matyschsyk-et-al-2022.
Microsphere immunoassay for cytokines identification
Cytokines/Chemokine levels in the serum samples were measured in duplicate using the Luminex® 200™ instrument and Milliplex®MAP kits from EMD Millipore (Cat #HSTCMAG-28SK, HCYTA-60K, HCYP2MAG-62K and HCYP4MAG-64K) according to manufacturer’s protocol. A 96 well plate provided with the kit was first washed with 200 µl per well of wash buffer. The wash buffer was then discarded, and 25 µl of serum sample was added to the plate in duplicate along with 50 µl of standards and controls as provided with each kit. Assay buffer (25 µl) was then added to the sample wells followed by 25 µl of premixed magnetic beads (provided with the kit) to each well. The plate was covered with a dark lid and placed on a plate shaker (200 rpm on a Barnstead 4625 Titer plate shaker) overnight at 4°C in a dark room. On the following day, the plate was washed 3X with 200 µl of wash buffer using BioTek ELx405™ microplate washer with magnetic capture: after washing, detection antibodies (50 µl) were added to each well and the plate was incubated for 1 h on a plate shaker covered with a foil. Streptavidin-Phycoerythrin (50 µl) was added to each well and the plate was incubated for 30 min on a plate shaker covered with foil. Finally, the plate was washed 3 × with 200 µl of wash buffer using BioTek ELx405™ microplate washer and analyzed using the Luminex® 200™ instrument (Calibrated each week with Luminex 200 Calibration and Performance Verification kits: Cat # LX2R-CAL-K25, LX2R-PVER-K25) with 150 µl of Sheath Fluid present in each well. Standard curves were generated using the Luminex xPONENT® software and the concentrations of cytokines/chemokines in the serum samples were calculated using these standard curves in pg/mL.
Microsphere immunoassay for Ig response to Sars-CoV-2 epitopes
Specimens were assessed for the presence of antibodies reactive with SARS-CoV-2 using an MIA as previously described (Yates et al., 2021). Briefly, recombinant SARS-CoV-2 N protein antigen (Native Antigen Company, United Kingdom) and the receptor binding domain (RBD) of the SAR-CoV-2 spike protein (MassBiologics, MA, USA) were covalently linked to the surface of fluorescent microspheres (Luminex Corporation, TX, USA). Additional target antigens (S1 or S2 domain (Native Antigen, United Kingdom) of SARS-CoV-2 were included in the multiplexed microsphere assay. Serum samples (25 μl) and antigen-conjugated microspheres (25 μl) were mixed and incubated before washing and further incubation with phycoerythrin-conjugated antisera. The antisera used were chosen to specifically recognize, as indicated, total antibodies (pan-Ig), or, individually IgM, IgA, IgG, IgG1, IgG2, IgG3, IgG4. After washing, the microsphere fluorescence intensity (MFI) was quantified with a FlexMap 3D Luminex analyzer (Luminex Corporation, TX, United States). Results were either direct MFI values with reactivity based upon a defined cutoff MFI, or, were normalized by comparison to the MFI of the negative controls and expressed as the ratio between the two (P/N). Positive reactivity is determined by a result that is ≥6 SD above the cutoff; results that fall between 3 SD and 6 SD are considered “Indeterminate”.
Optimization of biosensor chip
We set out to optimize the initial biosensor chip configuration by comparison to an established Luminex assay. First, we performed a dose response curve examining the limit of detection for the 11 analytes that were evaluated in both the GCFP assay and the Luminex data using parameters that had been employed with the first-generation GCFP chip. Chips were spotted as described above with the capture antibodies for the following analytes: TNF-α, IL-7, IL-6, IL-4, IL-21, IL-2, IL-1β, IL-17A, IFN-δ, CCL-3, CCL20. Recombinant proteins (R&D Systems, MN, USA; Shenandoah Biotechnology, Inc, PA, United States) were then diluted to 5 ng/mL, 1 ng/mL, 200 pg/mL, and 1 pg/mL and recirculated over the chip as described above. Detection ratios were calculated, and the limit of detection was determined for each matched pair set by GCFP. We then optimized the capture and secondary antibodies to reach values detectable with the Luminex MIA assay.
RESULTS
Identification and validation of regions of interest
Since MIS-C and COVID-19 are relativity new disease states, we set out to develop our first generation GCFP biosensor chip based on literature available early in the pandemic (Cabrero-Hernandez, 2020; Bar-Meir et al., 2021; Consiglio et al., 2020; Ramaswamy et al., 2020; Whittaker et al., 2020; Buszko et al., 2021; Filbin et al., 2021). These studies showed an array of cytokines, chemokines, tissue damage markers, and inflammatory indicators that differed significantly in children with MIS-C, COVID-19, and Kawasaki (Table 1). Our goals with the first-generation chip were to: 1) identify commercially available matched pair antibodies for our ROIs to differentiate MIS-C from COVID-19, Kawasaki, and healthy controls and 2) develop a GCFP assay to simultaneously evaluate if these markers could be used as a disease-specific biosignature. We validated 42 commercially available matched pair antibodies by ELISA using recombinant proteins (Supplementary Figure S1). Nine commercially available kits that did not meet our ELISA standards when performed following manufacture protocols, and were omitted from further analysis (Supplementary Figure S1).
Development of the grating-coupled fluorescence plasmonic biosensor chip assay
Once matched-pair kits were validated using ELISA, we then tested their ability to perform a sandwich-based immunoassay on the gold-coated nanoscale grating surface chip using IL-6, IL-8 and both positive (Alexafluor-647 and biotin-BSA) and negative (PBS) controls (Figures 1, 2A). When compared to PBS (negative control), the fluorescent intensity within the ROIs for IL-6, IL-8 and positive controls was significantly higher, indicating 20 ng/mL of IL-6 and IL-8 recombinant proteins could be detected with GCFP technology. Next, we examined the specificity of the ROIs by spotting all the capture antibodies in Table 1 onto the chip and recirculating 20 ng/mL of recombinant CCL5, galactin-3 and CCL7 diluted in PBS over the biosensor chip (Figure 2B). When compared to PBS (negative control ROIs), the fluorescent intensity within the ROIs for CCL5, galactin-3 and CCL7 were significantly higher, indicating that the GCFP assay was able to capture and detect these recombinant proteins at cognate ROIs and that there was no significant cross-reactivity between these recombinant proteins and unrelated ROIs. To evaluate the use of human salvia as the sample matrix, CCL5 and CLL7 (20 ng/mL) were spiked into commercially available pooled human saliva (Innovative Research, MI, United States) (Figure 2C). Spiked samples in pooled saliva matrix produced higher values than when the same analytes were diluted in PBS owing to the presence of endogenous CCL5 and CCL7 in the saliva pool. A heat map was created using the detection ratio for each set of 5 ROIs (Figure 2D). The heat map shows the detection ratio and indicates positive detection of all recombinant proteins when normalizing to the negative control ROIs on the same chip.
[image: Figure 2]FIGURE 2 | Development of sandwich-based ELISA assay on a gold-coated nanoscale grating surface chip. (A) Capture antibodies for IL-6 and IL-8 were immobilized onto the chip, along with the negative control (PBS) and two positive controls; biotin-BSA (BLC-BSA, to show streptavidin binding) and Alexafluor 647-BSA (to show stabilization during washing), 20 ng/mL of recombinant IL-6 and IL-8 were flowed over the chip. The fluorescence intensity was collected as previously described. Fluorescent intensity within the ROIs for IL-6, IL-8 and positive controls was significantly higher than the negative control. (B) Forty-two capture antibodies were immobilized onto the chip, 20 ng/mL each of recombinant CCL5, galactin-3 and CCL7 diluted in PBS was run over the chip and the fluorescence intensity was collecting for each ROI as previously described. The fluorescent intensity within the ROIs for CCL5, galactin-3 and CCL7 were significantly higher than the negative control. (C) Forty-two capture antibodies were immobilized onto the chip, 20 ng/mL of recombinant protein CCL5 and CCL7 diluted in human saliva was run over the chip and the fluorescence intensity was collected for each ROI as previously described. The fluorescent intensity within the ROIs for CCL5 and CCL7 were significantly higher than the negative control. (D) A heat map was generated using the detection ratio, which was normalized to the negative control to compare data in B and (C). One-way ANOVA analysis was performed (* = p< 0.05, ** = p< 0.01, *** = p< 0.001, **** = p< 0.0001. The data are presented as the average of five ROIs for each analyte ( ± standard error of the mean).
Analysis of patient samples by grating-coupled fluorescence plasmonic imaging
The first-generation GCFP chip was then evaluated to identify a candidate biomarker signature of disease using data from each of our 6 cohorts. Patient saliva and serum were analyzed with the biosensor chips and the fluorescent intensities were captured using GCFP reader (Ciencia, Inc., CT, United States) (Figure 1). For each patient sample, an image was produced from the reader; Ciencia software was used to identify ROIs, and then the fluorescent intensities for each ROI were measured and the corresponding detection ratios calculated. Figure 3 shows representative saliva data generated from a randomly selected patient from cohort B2. The image generated from patient ID 210041005 shows that five capture antibodies and the two positive controls (Biotin-BSA and alexafluor-647 labeled BSA) have a positive signal (Figure 3A). Cystatin C, Marapsin, CRP, Galectin-3, and IL-8 ROIs were each significantly different from the negative control, indicating that these analytes are present at high levels in this patient’s saliva (Figure 3B). The fluorescent intensities were then normalized to the negative control and a heat map was generated to visualize the biomarker signature (Figure 3C). Cystatin C, Marapsin, CRP, Galectin-3, and IL-8 all had high detection ratios. Saliva from the six cohorts (A1 = 15, A2 = 9, A3 = 6, B1 = 4, B2 = 13, B3 = 7) were similarly analyzed, and results are displayed as heatmaps (Figures 4A,B). Figure 4A shows the mean for each analyte from all the patient samples in each of the 6 cohorts. From this initial small data set we can begin to identify potential biomarkers for A2 (CXCL10), A3 (sDC25) and B1(IL-1 [image: image] and IL-2). Interestingly, when comparing individual patients from each cohort we can see variation in these biomarker signatures, suggesting variation in disease state presentation (Figure 4B). From the serum cohorts, 56 samples (A1 = 13, A2 = 12, B1 = 12, B2 = 12, B3 = 7) were analyzed with the first-generation biosensor chip configuration and heat maps were generated for each group and for each individual patient (Figure 5A) shows the mean for each analyte from all the patient samples run in each of the 5 cohorts and indicates potential biomarker signatures for each cohort. In A2 (MIS-C group) biomarker sCD25 was found to be a potential unique biomarker for this group, while IL-21 was a unique biomarker for B1 (Kawasaki). Again, variation between individuals’ biomarker signatures within the different cohorts indicates heterogeneous disease presentation (Figure 5B).
[image: Figure 3]FIGURE 3 | Example of patient (210041005) data generated from GCFP assay. (A) Forty-two unique capture antibodies were immobilized on regions of interest in sets of 5 ROIs on the chip and patient sample number 210041005 was run over the chip and an image of the GCFP sensor chip output was captured. (B) Fluorescent intensity within the ROIs were collected as previously described, detecting cystatin C, Marapsin, D-dimer, galaectin-3, and IL-8. (C) A heat map of the detection ratio was generated and shows detection of the same analytes as in (B). One-way ANOVA analysis was performed (* = p< 0.05, ** = p< 0.01, *** = p< 0.001, **** = p< 0.0001. The data are presented as the average of five ROIs for each analyte ( ± standard error of the mean).
[image: Figure 4]FIGURE 4 | GCFP detection ratio for patient saliva samples. Saliva samples obtained from each of the patient cohorts; 54 samples (A1 = 15, A2 = 9, A3 = 6, B1 = 4, B2 = 13, B3 = 7) were run over the first-generation biosensor chip. (A) Heat maps generated for each cohort using the mean detection ratio for each analyte, showing candidate biomarkers for the A2 (CXCL10), A3 (sDC25) and B1(IL-1β and IL-2) cohorts. (B) Heat maps generated for each individual patient demonstrate individual variation in disease state.
[image: Figure 5]FIGURE 5 | GCFP detection ratio for serum samples from patient cohorts. Serum samples from each of the cohorts were tested on the first generation GCFP biosensor chip. 56 samples (A1 = 13, A2 = 12, B1 = 12, B2 = 12, B3 = 7) were tested. (A) Heat maps generated for each cohort using the mean detection ratio for each analyte, showing a more robust signature per cohort then within saliva. (B) Heat maps generated for each patient, showing individual variation in disease state.
Interrogation of grating-coupled fluorescence plasmonic saliva outliers using 16S-23S rRNA gene amplicon sequence analysis
We noted some analyte outliers within individual saliva samples (Figure 4B). To further analyze the saliva from these samples, we performed 16S-23S’ rRNA PacBio sequencing. For this study, we singled out sequencing data for the samples that were run over the first-generation biosensor chip and compared the relative abundances of different bacterial species. To identify bacterial species that were more abundant in the samples that were analyte outliers, we applied a 99% confidence interval, and confirmed outliers with the ROUT method. These data revealed a difference in relative abundance of several bacterial species, some of which could be linked to immunocompromised status, oral hygiene or other diseases (Figure 6). For example, sample 2100410014 from cohort A3 had an inflammatory profile that more closely resembled a sample from the MIS-C or Kawasaki cohorts. This sample also had highly elevated levels of P. endodontalis, a known oral pathogen, with a relative abundance of 19.26% of the overall community (median = 0.0%) (Figure 6B). In sample 2100410113, another saliva sample that was an outlier in the biomarker analysis, we found that the community was composed primarily of Streptococcus sp. A12 (63.45%, median = 0.74%) (Figure 6C). Sample 2100430008 had high levels of Gemella sanguinis (17.61%, median = 0.59%) and Streptococcus sp. A12 (8.00%, median = 0.74%) (Figures 6C,D). Sample 2100440031 had raised levels of Porphorymonas endodontalis (0.64%, median = 0.0%) and G. haemolysans (4.65%, median = 0.84%) (Figures 6B,E). In sample 2100410044, the majority of the community was Streptococcus salivarius (61.67%, median = 2.05%) (Figure 6F). Sample 2100410011 had elevated levels of Streptococcus pneumoniae (6.77%, median = 0.0%) (Figure 6G). 2100410072 also had elevated levels of S. pneumoniae (2.20%, median 0.0%), as well as above average levels of Gemella haemolysans (7.26%, median = 0.84%) (Figures 6E,G). In sample 2100410018, we observed elevated levels of Streptococcus sp. ChDC B345 (28.39%, median = 1.34%) (Figure 6H). Our last GCFP analyte outlier, sample 2100410034, had elevated levels of S. salivarius (18.09%, median = 2.05%) and Schaalia odontolytica (17.07%, median = 3.36%) (Figures 6F,I).
[image: Figure 6]FIGURE 6 | Salivary microbiome of samples analyzed using GCFP. From saliva samples analyzed by GCFP using the first generation GCFP biosensor chip, 34 samples were also analyzed by 16S RNA high throughput sequencing. Relative abundance at species level was calculated. (A) Relative abundance of the top 20 most abundant taxa across all samples. (B–I) Plots of the relative abundance for 8 bacterial species that were elevated in one or more outlier samples from analyte data. Error bars represent a 95% confidence interval of the median. Points in red were identified as outliers by the ROUT method. Samples that were analyte outliers and had an increase in that species are labeled with their cohort.
Refining the composition of a second-generation chip using Microsphere Immunoassay
Concurrent with these microarray studies, candidates for inclusion on a second generation GCFP sensor chip were evaluated. We examined 249 serum samples (180 from the United States and 69 from Colombia) from five different cohorts (A1, A2, B1, B2, and B3). Patient samples were analyzed for levels of 26 cytokines/chemokines using the Luminex xMAP® multiplex assay. IL-4, IL-6, IL-10, and IL-13, known to be involved in Th2 type immune response and promoting B cell differentiation to plasma cells, were significantly elevated in the A2 (MIS-C cohort) when compared to most other cohorts (Figure 7A). Furthermore, chemokines IL-8 and CXCL11 were also found to be expressed at higher levels in the A2 cohort. By comparison, the first-generation GCFP chip detected higher IL-8 for cohorts A1, A2, B1 and IL-4 in cohorts A1 and A2 (Figure 5A), while it did not detect IL-6 for any of the cohorts. It is important to note that MIA may use different proprietary antibodies or conditions or recognize different epitopes on these targets. The results from the Luminex studies were representative of a higher sample size than the GCFP analysis, which may also contribute to differences in the results. MIA data did confirm IL-10, IL-13 and CXCL11 as possible new targets for the second-generation chip.
[image: Figure 7]FIGURE 7 | Potential analytes found by MIA can inform the evolving composition of a second generation GCFP biosensor chip. (A) A heat map was generated from microsphere immunoassay from serum samples for each cohort. * Indicates a significant difference in that cytokine for the A2 cohort for CXCL11, IL-8, IL-6, IL-4, IL-13, & IL-10 analytes. (B–G) The antibody response to the SARS-CoV-2 nucleocapsid and spike components (full spike, RBD, S1, S2), the MIS-C cohort had a significantly higher IgA response to SARS-COV-2 spike domains as compared to the COVID-19 cohort. One-way ANOVA analysis was performed (* = p< 0.05, ** = p< 0.01, *** = p< 0.001, **** = p< 0.0001.
The antibody response to the SARS-CoV-2 nucleocapsid and spike components (full spike, RBD, S1, S2) were measured using a MIA to separately detect anti-viral IgM, IgA, and all four IgG subclasses. Figures 7B–G shows that responses in the MIS-C cohort were substantially different from standard COVID-19 infections and from healthy controls. Note that some sera in the control cohort had antibodies to either the spike proteins or nucleocapsid, indicating previously undetected SARS-CoV-2 infection or an unreported vaccination. The predominant IgG subclasses produced in response to COVID-19 infection are IgG1 (Yates et al., 2021; 2021); both the COVID-19 and MIS-C cohorts had prominent IgG1 response centered around the RBD/S1 components of SARS-CoV-2 spike protein. The MIS-C cohort generally made a stronger IgG1 response as compared to the COVID-19 cohort. Notably, the MIS-C cohort made a significantly higher IgA response to SARS-COV-2 spike domains as compared to the COVID-19 cohort (Figure 7G), indicating SARS-COV-2 spike antigen as a possible target for the second generation GCFP chip.
Comparison of grating-coupled fluorescence plasmonic biosensor chip biomarker signature to Cytokine Microsphere Immunoassay results
We compared US serum samples with Colombia serum samples using both GCFP biomarker signature data and cytokine microbead assay (Figure 8A; Table 2). In cohort A2 (MIS-C), the biomarkers detected by the GCFP chip in US serum samples produced a more complex and robust signature when compared to the Colombia serum samples (Figure 8A). We also compared US patient saliva samples with Colombia saliva samples: biomarker signatures produced by GCFP microarray had a trend similar to that observed with serum samples (Figure 8B). Correspondingly, MIA performed on serum samples showed lower levels of cytokine in Cohort A2 Colombia samples compared to US samples (Table 2). Taken together these data indicate a difference in immune response between these two populations.
[image: Figure 8]FIGURE 8 | Comparison of USA vs. Colombia MIS-C patient samples by GCFP microarray. (A) Heat map of A2 serum samples comparing USA to Colombia samples. The USA patient population has a more robust signature. (B) Heat of A2 saliva samples comparing USA to Colombia samples, USA has a more robust signature.
TABLE 2 | MIA Cytokine levels US vs. Colombia.
[image: Table 2]To compare MIA data directly with the biomarker signature generated on the first-generation chip, 11 analytes that had been included in both assays and detection ratios were log transformed to visualize the data by cohort and as individual patients (Figure 9). The heat map reveals that most of the analytes were detected within both biomarker signatures generated from MIA and GCFP for the cohorts with the exception of IL-4, IL-6, CCL20 and IL-21. When we compare individual samples, similar signature patterns were found in the following samples for both MIA and GCFP; 2100410146, 2100410150, 2100410042, 2100410049, 2100410131, 2100410168, 2100410184, 2100440014, 2100410153, 2100410114, 2100410208, 2100440008, 21004400062, 2100410094, 2100410139, and 2100410165. When noting the quantified analyte levels (pg/mL) in the microbead assay dataset (Supplementary Table S1) it also becomes clear that some of the analytes (IL-4, IL-6 and CCL20) were not detected on the GCFP chip while others, like IL-1 [image: image] were detected on the chip but not within the microbead assay. To address this, we performed a dose response curve on the first-generation chip for analytes that were measured both by MIA and GCFP using PBS that was doped with different amounts of recombinant proteins (10ng, 5ng, 1ng, 200pg, 1 pg/mL) (Figure 10A). These data indicate that for many of the analytes analyzed by both MIA and GCFP, the first-generation chip has a detection limit of 1 ng/mL while MIA could detect levels as low as 1 pg/mL, which could explain the analytes that were undetected by GCFP. We further optimized the GCFP chip to improve the assay’s limit of detection (Figure 10B). We first increased the amount of secondary antibody to 10-fold the amount recommended by the manufacturers for ELISA. We did not see an improvement with this change (Figure 10B). We then increased the amount of capture antibody immobilized on the GCFP chip by twofold (500 μg/mL) and we were able to see an improvement in limit of detection for most analytes, indicating that manipulating capture reagents can further improve detection limits. Future studies for the next-generation chip will not only be focused on adding other reported analytes now known to be important for MIS-C, but also optimizing each analyte reagent set to allow for detection in the pg/mL range.
[image: Figure 9]FIGURE 9 | Serum from Cohorts and individual patient comparison of GCFP microarray assay to MIA. To compare a traditional MIA with the GCFP microarray, 11 analytes were included in both assays. (A) A heat map was generated by log transforming GCFP detection ratios and using the mean of each analyte detection ratio for each cohort. Of the 11 analytes, 5 were below the detection limit of the GCFP first generation biosensor chip. (B) A heat map generated by log transforming GCFP detection ratios from individual serum samples from cohort A1. (C) A heat map generated by log transforming GCFP detection ratios from individual serum samples from cohort A2. (D) A heat map generated by log transforming GCFP detection ratios from individual serum samples from cohort B1. (E) A heat map generated by log transforming GCFP detection ratios from individual serum samples from cohort B2. (F) A heat map generated by log transforming GCFP detection ratios from individual serum samples from cohort B3. 16 of the 44 shared serum samples had similar biomarker signatures, while IL-4, IL-6 and CCL20 were not consistently detected on the GCFP chip.
[image: Figure 10]FIGURE 10 | Optimization of First Generation GCFP Chip. (A) Measurements of the limit of detection for 11 analytes from the first-generation biosensor chip. 1 ng/mL is the limit of detection for most analytes in this assay. (B) Optimizing reagents can increase the limit of detection.
DISCUSSION
Clinicians need a rapid, accurate test for MIS-C to guide treatment decisions. Here we show that using GCFP technology we can characterize two biomarker signatures within two different biofluids (serum and saliva), one for a group/cohort and one for an individual patient. In saliva, the GCFP biomarker analytes found in all disease state cohorts were Cystatin C, Marapsin, Galactin-3, and IL-8. When designing the chip we included Cystatin C for its potential as being predicative of renal injury and due to its observed elevated levels in COVID-19 patients (Li et al., 2020). We were able to detect Cystatin C in all our cohorts; only one patient did not produce detectable Cystatin C. The normal range of Cystatin C is 10–12 mg/mL in saliva and, 0.63–8.0 mg/mL in serum; and has been shown to be upregulated in people with poor oral hygiene (Lie et al., 2001; Dickinson, 2002; Ziegelasch et al., 2019). This suggested that Cystatin C may present at levels exceeding the upper limit of GCFP detection under the conditions tested. Marapsin/pancreasin is a trypsin-like serine protease that has been described in pancreatic tissue; little is known about its role in other systems although it can be expressed in stratified squamous epithelium tissues (esophagus, cervix and larynx) (Bhagwandin et al., 2003; Li et al., 2009). We included this analyte to potentially predict pancreatic health since reduced pancreatic function increases risk of developing severe COVID-19 (Abramczyk et al., 2022). Our biosensor chip was able to detect marapsin in all of the infected cohorts (A1-3 & B1-2), but not in the healthy cohort (B3). Interestingly, marapsin has been found to be upregulated in the epidermis of patients with psoriasis and/or regenerating wound infections, suggesting a possible role in infection (Li et al., 2009). Galectin-3 is a ß-galactoside binding lectin that can drive neutrophil chemotaxis, bind TLR4, and increase production of pro-inflammatory cytokines during viral infections (Joo et al., 2001; Filer et al., 2009; Henderson and Sethi, 2009; Burguillos et al., 2015). Increased serum levels of galectin-3 (>30 ng/mL) have been correlated with severe COVID-19 outcomes (Eduardo et al., 2022). Our biomarker signature showed galectin-3 was present in all cohorts, while lower in healthy controls, indicating a role in infection. Galectin-3 may be upregulated in COVID-19 cohorts (A1,2,3) but the amount found in saliva were near saturation for the GCFP assay as configured. Finally, IL-8 cytokines are produced by a wide range of cells including oral keratinocytes and are a potential biomarker for predicting oral disease (Finoti et al., 2017; Lopez-Labady et al., 2021). IL-8 was also reported early in the pandemic to be a sensitive serum biomarker in both mild and severe COVID-19 patients (Li et al., 2020). Interestingly, GCFP detected salivary IL-8 in all cohorts, while in serum it was detected only in the A1, A2 and B1 cohorts.
There were some cohort-unique saliva biomarkers contributing to the biomarker signature from each of the different cohorts. GCFP detection of CXCL10 was only seen in Cohort A2 (MIS-C). CXCL10 is a chemokine that is produced by many different cell lines and tissues (Jong-Ho Lee et al., 2020). This chemokine has been identified in several studies as a contributing factor to the modulation and intensity of inflammation caused by SARS-CoV2 and recently was shown to be at higher levels in MIS-C patients (Callahan et al., 2021; Caldarale et al., 2021). sCD25 was solely detected on the GFCP chip in sera from cohort A3 (mild COVID). sCD25 is the soluble form of IL-2R alpha chain, has been linked to T-cell proliferation and inflammatory disease, and is a driver of disease pathogenesis (Russell et al., 2012). sCD25 was reported to be upregulated in the serum of pediatric patients with SARs-CoV2 infections and MIS-C (Mostafa et al., 2022). It is interesting to note that sCD25 is present in the saliva from the A3 cohort and present in the serum biomarker signature from A1, A2, and B1 cohorts. In Kawasaki patient serum, sCD25 has been found to be 3-100x higher than in healthy controls, which is consistent with our observations (Teraura et al., 2016). In cohort B1, we observe the most diverse saliva biomarker signature when compared to the other cohorts, with ferritin, IL-1β and IL-2 being uniquely found at elevated levels in this cohort. Studies have indicated that high serum levels of ferritin are present in Kawasaki patients and ferritin is a predictor of non-responsiveness to intravenous immunoglobulin (IVIG) therapy (Yamamoto et al., 2015; Kim et al., 2021; Qiu et al., 2022). IL-1β has previously been reported to play a key role in the inflammatory profile of Kawasaki disease, and IL-2 is significantly higher in children with Kawasaki than in healthy controls (Okada et al., 2003; Hoang et al., 2014; Alphonse et al., 2016). These findings indicate that data obtained by GCFP in saliva samples are consistent with recent scientific studies and show potential for this assay as a diagnostic tool. We showed that there was variation between individual saliva samples in patients within the same cohort, indicating differences in immune responsiveness.
The microbiome 16S RNA data helped to decipher potential reasons for some of the observed differences within cohorts by demonstrating imbalances in the microbial community or the presence of oral pathogens. In future studies, we plan on designing an approach to detect these imbalances and/or pathogens by using an oligonucleotide based GCFP biosensor chip to characterize the oral microbiome. Ultimately, it will be interesting to explore the possibility of doing both protein capture, antibody capture, and oligonucleotide analyte capture on the same sensor chip to further improve the efficiency and versatility of the assay.
Serum samples demonstrated a more complex biomarker signature than saliva samples, on both individual and inter-cohort levels (Figures 4, 5), which could be due to increased analyte presence in serum compared to saliva, better preservation of analyte in serum, or the choices of analytes included on the first-generation chip. The salivary proteome has 3,074 unique human proteins and only shares 1,234 proteins with blood plasma (https://www.salivaryproteome.org). GCFP biomarker analytes found in all disease state cohorts were cystatin C, ferritin, galectin 3, and perforin. As noted above, cystatin C, galectin-3 and ferritin are all found in serum at levels >250 ng/mL which could be at the limit of saturation for these assays. As expected, perforin, a glycoprotein responsible for pore formation in cell membranes of target cells, which plays an important role in cytotoxic activity, was not a marker within our healthy control group, thus showing selectivity of disease states on our chip (Osińska et al., 2014). A2 and B1 serum cohorts shared 3 analytes not found in other cohorts: HSP70, IL-1β, and IL-2. HSP70, a stress protein known to induce inflammation and has been linked to pathogenesis of Kawasaki disease (Lu et al., 1998; Hulina et al., 2018) was not present in A2 saliva but was present in B1 saliva samples. ACE2 (angiotensin converting enzyme-2) is a monocarboxypeptidase found within cell membranes or as a soluble protein throughout the body (Jiang et al., 2014). It is a member of the renin-angiotensin system (RAS) and has been implicated in diabatic cardiovascular complications and chronic heart failure; elevated expression has been linked to severe COVID-19, and it is a receptor for SARS-CoV2 entry into the cell (Patel et al., 2013; Jiang et al., 2014; Beyerstedt et al., 2021).We detected ACE2 in the serum biomarker signatures for A1, A2, and B1. While ACE2 levels in cohorts A1 and A2 are consistent with recent scientific literature, it is not a known biomarker in Kawasaki disease, despite the fact that cardiac disease (coronary artery aneurysms, myocarditis, pericarditis, congestive heart failure, pericardial effusion, and arrhythmias) is a complication in these patients (Tizard, 2005). The detection of ACE2 within cohort B1 could suggest the presence of cardiac disease within individuals of this group.
We have demonstrated the versatility of the GCFP microarray, the option to manipulate the composition of the microarray features, and the potential to detect over 1000 analytes in one assay (Guignon, and Lynes, 2014; Yuk et al., 2013; Molony et al., 2012; Unfricht et al., 2005; Marusov et al., 2012; Reilly et al., 2006). In the current study, using a small sample volume (70–80 µL) of either saliva or serum, we were able to begin to identify an initial biomarker signature for the different cohorts studied, showing that GCFP microarrays can be a potential novel approach for MIS-C disease diagnosis. ELISA or microsphere immunoassay (MIA), the gold standards for analyte measurement, use larger sample volume than GCFP, an especially important consideration with pediatric patients. We were also able to modify the protocol to increase assay sensitivity. MIA data in this study revealed four potential new GCFP targets, IL-10, IL-13, CXCL11 and SARS-COV-2 spike antigen, that can be added to the second-generation GCFP chip. By including more biomarkers on the chip, we can establish a more specific signature for each disease state tested, including indicators of individual organ function as well as systemic health. We are also able to detect disease state variation between patients within a disease group, which could potentially help with individualized diagnostics and treatment and provide faster treatment options per patient. It is important to note that negative markers (ones that do not appear as signals in these cohorts) are also informative and may be useful in excluding patients as belonging to one of these cohorts who present with those markers. We started building the first-generation GCFP chip at the beginning of the COVID pandemic. In future studies, ongoing research will be utilized to design a microarray in the second-generation chip that will produce biosignature that is even more specific and sensitive to MIS-C. Our data demonstrate GCFP microarrays as a novel, professional point of care diagnostic tool.
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Transfer RNA-derived small RNAs (tsRNAs) tRF-LeuCAG-002 (ts3011a RNA) is a novel class of non-coding RNAs biomarker for pancreatic cancer (PC). Reverse transcription polymerase chain reaction (RT-qPCR) has been unfit for community hospitals that are short of specialized equipment or laboratory setups. It has not been reported whether isothermal technology can be used for detection, because the tsRNAs have rich modifications and secondary structures compared with other non-coding RNAs. Herein, we have employed a catalytic hairpin assembly (CHA) circuit and clustered regularly interspaced short palindromic repeats (CRISPR) to develop an isothermal and target-initiated amplification method for detecting ts3011a RNA. In the proposed assay, the presence of target tsRNA triggers the CHA circuit that transforms new DNA duplexes to activate collateral cleavage activity of CRISPR-associated proteins (CRISPR-Cas) 12a, achieving cascade signal amplification. This method showed a low detection limit of 88 aM at 37 °C within 2 h. Moreover, it was demonstrated for the first time that, this method is less likely to produce aerosol contamination than RT-qPCR by simulating aerosol leakage experiments. This method has good consistency with RT-qPCR in the detection of serum samples and showed great potential for PC-specific tsRNAs point-of-care testing (POCT).
Keywords: pancreatic cancer, tsRNAs, CRISPR-Cas12a, catalytic hairpin assembly, target-initiated amplification
HIGHLIGHTS

Catalytic hairpin assembly (CHA) circuit and clustered regularly interspaced short palindromic repeats (CRISPR) (CHA-CRISPR) is a simple, isothermal, ultrasensitive, and target-initiated amplification method to detect ts3011a RNA, a novel class of non-coding RNAs biomarkers for pancreatic cancer (PC).
Based on CHA-CRISPR method, this assay achieved simple, isothermal, ultrasensitive and target-initiated amplification of ts3011a RNA with a low detection limit of 88 aM in 2 h at 37 °C.
Moreover, it was demonstrated for the first time that, this method is less likely to produce aerosol contamination than Reverse transcription polymerase chain reaction (RT-qPCR) by simulating aerosol leakage experiments. This method has good consistency with RT-qPCR in detection of serum samples and showed great potential for PC specific tsRNAs point-of-care testing (POCT). Its diagnostic performance was found to be similar to that of RT-qPCR, and it is more suitable in community hospitals without precision instruments and PCR testing standard environments.
1 INTRODUCTION
Pancreatic cancer (PC) is the cancer with the lowest 5-year survival rate (Siegel et al., 2022). Because of the lack of markers for early diagnosis, most patients are in an advanced stage when they are diagnosed (Pereira et al., 2020). As a kind of transfer RNA-derived small RNAs (tsRNAs) (Li et al., 2018a; Jin and Guo, 2019), tRF-Leu-CAG-002 (ts3011a) was found to be a potential diagnostic marker for early pancreatic cancer (Jin et al., 2021). TsRNAs are newly discovered non-coding RNA that account for the vast majority of total small RNA in mammalian tissues and cells, and their existence ratios are much higher than that of the miRNAs (Zhang et al., 2014). The concentrations of ts3011a were between pM and fM in the clinically relevant ranges (Jin et al., 2021). Therefore, the development of point-of-care testing (POCT) technology using tsRNA as a marker will make it possible to carry out early pancreatic cancer screening in the community.
At present, reverse transcription PCR (RT-qPCR) is a commonly used non-coding RNA detection technology (Liu et al., 2012; Li et al., 2018b; Xiong et al., 2018). This technique requires sophisticated equipment and specialized laboratories that are susceptible to aerosol contamination by leakage of high-concentration amplification products (Chen et al., 2005; Ye et al., 2019). Because tsRNAs have more abundant modifications and secondary structures than other non-coding RNA (Li et al., 2018a), it has not been reported whether the isothermal technology can be used for detection. The combination of clustered regularly interspaced short palindromic repeats associated (CRISPR-Cas) system with target isothermal amplification methods, such as reverse transcription loop-mediated isothermal amplification (RT-LAMP) (Rezaei et al., 2021) and reverse transcription recombinase polymerase amplification (RT-RPA) (Chen et al., 2022a), can detect non-coding RNA such as miRNA and lncRNA without precision instruments, but they are prone to aerosol pollution (Borst et al., 2004). Target-initiated amplification methods like hybridization chain reaction (HCR) (Wang et al., 2019) and catalytic hairpin assembly (CHA) (Chen et al., 2022b) combined with CRISPR-Cas are not easy to cause aerosol pollution in theory, and CHA (Peng et al., 2020; Zeng et al., 2022) technology takes less time than HCR technology (Xing et al., 2020; Zhou et al., 2022a), making it more suitable for POCT diagnosis. However, whether CHA can be used for tsRNAs detection, and whether it can produce aerosol pollution needs further experimental verification.
Herein, we illustrated a simple method by coupling CRISPR/Cas12a and CHA to realize the detection of ts3011a RNA. In our experiment, two hairpins from the CHA circuit were triggered by tsRNAs and transformed into new DNA duplexes. The new DNA duplexes consisted of protospacer adjacent motif (PAM) and protospacer sequence that can be recognized by Cas12a/CRISPR RNA (crRNA) complexes. Therefore, the collateral cleavage activity of CRISPR/Cas12a was initiated, and cascade signal amplification was realized through the cleavage events of fluorescent ssDNA reporter molecules (Scheme 1). Based on the above principle, the experimental conditions were optimized, and a simulated aerosol leakage experiment was designed to verify whether the method would produce aerosol pollution. And for the detection of pancreatic cancer, the diagnostic efficiency was evaluated.
[image: Scheme 1]SCHEME 1 | Schematic of fluorescence assay for tsRNA based on CHA reaction and CRISPR-Cas12a system.
2 EXPERIMENT SECTION
2.1 Materials and instruments
NaCl, KCl, MgCl2, and glycerol were purchased from Macklin Biochemical Co., Ltd., Shanghai, China. Tris hydrochloric acid (TrisHCl) was purchased from Dalian Meilun Biological Technology Co., Ltd., Suzhou, China. Dithiothreitol (DTT) was purchased from SaiGuo Biotech Co., Ltd., Guangzhou, China. Lachnospiraceae bacterium (LbCas12a) was purchased from GenScript Biotech Co., Ltd., Nanjing, China, and the protein was stored at −80 °C until later use. Agarose powder, ×10 Trizma base boric acid ethylene diamine tetra acetic acid (TBE) buffer, and ×6 Loading buffer were obtained from Sangon Biotech, Shanghai, China. All oligonucleotides (Supplementary Table S1) and diethylpyrocarbonate (DEPC) treated water were obtained from Sangon (Shanghai, China). All chemical reagents used in the study were of analytical grade, and all the solutions were prepared with DEPC-treated water. Human pancreatic carcinoma cells (PANC-1), and human pancreatic duct cells (hTERT-HPNE) were bought from Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). Cell culture medium, fetal bovine serum (FBS), trypsin,penicillin–streptomycin, and dulbecco’s modified eagle medium (DMEM) were bought from Invitrogen (Gibco, United States). TRIzol RNA isolation reagents were bought from Thermo Fisher Scientific (Wilmington, United States). Primer Script ™ RT reagent Kit and TB Green Premix Ex Taq ™ II qPCR Kit were provided by Takara Biomedical Technology Co., Ltd. (Beijing, China). The primers (Supplementary Table S1) were designed and synthesized by Sangon (Shanghai, China). The humidified incubator was used for cell culture (Thermo Fisher Scientific, United States). The annealing buffer used in the annealing step was bought from Beyotime Biological Technology Co., Ltd. (Shanghai, China) and Gel Imaging System used Tanon 2500R for photographing (Shanghai, China). DNA annealing process, RT-qPCR, and fluorescence intensity (FL) testing were carried out on C1000™ Thermal Cycler (Bio-Rad Laboratories, Inc., United States). A cyclone air sampler (ASP-200p, Shenzhen Lemniscare Medical Technology Co., Ltd., China) was used for sampling.
2.2 Performing tsRNA-triggered CHA circuits in solution
The structures of H1 and H2 were predicted by https://sg.idtdna.com/calc/analyzer. The H1 and H2 were annealed at 95 °C for 5 min and then gradually cooled down at 4 °C for 1 h to obtain the desired stem-loop structure using a thermal cycler respectively. The CHA reaction buffer consisted of 5 mM KCl, 20 mM Tris-HCl, and 140 mM NaCl, pH 7.5. A 10 μL CHA reaction system contained 2 μM H1, 2 μM H2, and different concentrations of tsRNA to conduct the reaction at 37 °C for 1 h. Besides, we used fluorescence quenching H1 to detect time-dependent fluorescent signals of CHA in the presence of different targets, mainly including ts3011a, tRF-3, tRF-4, and tRF-10 (Supplementary Figure S1).
2.3 Gel electrophoresis analysis
Native PAGE analysis was performed to characterize the CHA products. A measure of 2 µL of ×6 loading buffer was mixed with 10 µL of each sample, and then 10 µL of the above-mixed solution was loaded into a 12% PAGE, running at 100 V for 2 h in ×1 TBE buffer. After that, the gel was stained for 10 min in 50 mL ×1 TBE buffer with 5 μL ×10,000 Gel-Red nucleic acid gel stain. The gels were then photographed.
2.4 Detection of ts3011a with CRISPR-CHA assay
Subsequently, 1 μL of the above CHA reaction solution was added into the cleavage buffer (5% glycerol, 1 mM DTT, 5 mM MgCl2, 20 mM tris HCl, and 100 mM KCl, pH 7.5) containing 400 nM CRISPR-Cas12a, 200 nM crRNA, and 1 μM FAM-TTATT-BHQ1 reporter molecules (FQ), making a final volume of 10 μL. The fluorescence emission measurements were recorded at 518 nm in the thermal cycler at 37 °C for 1 h. The stem length, CHA reaction time, temperature, and concentration of crRNA and Cas enzyme in 10 μL volume were optimized.
2.5 Cell culture and ts3011a extraction
PANC-1 and hTERT-HPNE were grown in DMEM supplemented with 10% FBS, 1%penicillin–streptomycin (100 U/mL penicillin and 100 μg/mL streptomycin) and cultured at 37 °C in a humidified incubator containing 95% air and 5% CO2. Total RNA was extracted using TRIzol RNA isolation reagents. cDNA was prepared by Primer Script™ RT reagent Kit. Each measure of 10 μL of reaction system included 2 μL of primer script buffer (×5) and 0.5 μL of primer script enzyme, which were mixed with 0.5 μL primer, 2 μL of total RNA, and 5 μL of DEPC treated water. The reactions were then incubated at 42 °C for 15 min, 85 °C for 5 s, and cDNA was stored at −20 °C until further use.
2.6 RT-qPCR analysis of ts3011a expression
RT-qPCR analysis of ts3011a expression was conducted by qPCR Kit. The whole 25 μL of reaction volume contained 12.5 μL of ×2 Premix Ex Taq II, 1 μL of both forward and reverse primers, 2 μL of cDNA, and 8.5 μL of DEPC treated water. The reaction was conducted using a thermal cycler according to the guidelines of the manufacturer (at 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s). The relative expression of cell samples was evaluated by referring to the expression of the mir39 (external control for miRNAs) using the 2–ΔΔ Ct method (Supplementary Table S2).
2.7 Simulated aerosol detection experiment
CHA, CHA-CRISPR, and RT-qPCR were performed with 1 nM ts3011a, respectively, to simulate the possible release of aerosol after CHA, CHA-CRISPR, and RT-qPCR reaction. The closed hood was opened to ventilate for 0.5 h. The air sampler with 2 mL of sampling liquid (CHA or RT-qPCR reaction buffer) was put into the closed hood. The 8-strip tubes with CHA or CHA-CRISPR or RT-qPCR products were then put into the closed hood and uncapped. The closed-hood lead was closed and left for 5 min. The sampler was then turned on for 15 min with an air velocity of 200 L/min (Chen et al., 2023). CHA or CHA-CRISPR or RT-qPCR respectively were then performed using 1 μL of the sample liquid according to steps 2.4 and 2.6. After each aerosol collection experiment, the inner wall of the closed cover and the sampler were wiped twice with water and 75% alcohol.
2.8 Quantification of ts3011a in serum samples with CHA-CRISPR
All the pancreatic cancer serum samples and healthy serum samples were collected from consented patients at the Nanjing Drum Tower Hospital (Nanjing, China) from January to October 2022. Approval was obtained from our hospital ethics committee. 200 μL of serum samples were centrifuged at 1700 g for 20 min at 4 °C. The TRIzol RNA isolation reagents were used to extract the total RNA. 1 μL of total RNA was added to the CHA-CRISPR system to validate its potential feasibility.
3 RESULTS AND DISCUSSION
3.1 Principle of CHA-CRISPR
In the first step of amplification, CHA cycles contained the following three main elements: two hairpins (H1 and H2) and target ts3011a RNAs as initiators (Figure 1A). Both designed H1 and H2 had a stem-loop DNA containing majority complementary regions and an 8-nt 5′overhang as a toehold, which remained at metastable state that coexisted in the absence of ts3011a RNAs. As illustrated in Figure 1B, H1 contained the sequence “TGG​TGT​CAG​GAG​TGG​GAT”, which was perfectly complementary to the sequence of the target tsRNA, and the loop region contained the 5′-TTTA-3′ protospacer adjacent motif (PAM) of Cas12a, as well as a non-target strand (NTS) “TTT​AGA​TCG​TTA​CGC​TAA​CTA​TGA”. The length of NTS was 20 nt (Feng et al., 2021; Kaminski et al., 2021). The target tsRNA binding to the exposed toehold domain of H1 triggered a branch migration, generating an H1-tsRNA intermediate through domain hybridization. The exposed toehold domain “ATCCCACTCC” in the H1/tsRNA complex further triggered strand displacement on domain “GTG​GGA​TTC​ATA​GTT​AGC​GTA​ACG​ATC​TAA​AAT​CCC​ACT​CC” of H2, which led to the dynamic assembly of H1 and H2, forming mass H1/H2 duplexes and releasing target ts3011a RNAs (Figure 1A). The Cas12a proteins, crRNA, and FQ were introduced in the second step of amplification to mix with H1/H2 duplexes. The Cas12a/crRNA recognized the PAM-TTTA and bound to the protospacer sequence of H1/H2 duplexes, resulting in the activation of collateral cleavage activity of Cas12a to cleave the reporter molecules, hence, generating intense fluorescence signals for tsRNA quantification (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Specific demonstration of CHA-CRISPR mechanism for detecting tsRNAs. (B) Detailed sequences of H1 and H2 in the CHA circuit for detection of tsRNAs. TS, target sequence; NTS, non-target sequence. (C) Electrophoresis analysis of the CHA system; H1 (2 μM); H2 (2 μM); ts3011a RNA (100 nM). H1/H2 were not annealed, H1 + H2 were annealed.
To verify the feasibility of the assay, we conducted gel electrophoresis (Figure 1C). Only when H1, H2, and target ts3011a RNAs coexisted in the reaction solution, did obvious hybridization bands with higher molecular weight appear as lane 7 (Figure 1C), suggesting the formation of H1/H2 duplexes. Moreover, hybridization bands were the same size as H1/H2 duplexes when H1 and H2 did not form hairpins, as seen in lane 6 (Figure 1C). The H1 and H2 did form hairpins after annealing, remaining at a metastable state which coexisted as shown in lane 5 (Figure 1C). A negligible band of the H1/H2 duplex was observed in the absence of ts3011a (Figure 1C, lane 5), which indicated low background leakage in the CHA circuit, as demonstrated in previous reports (Wang et al., 2020; Zhou et al., 2022b). An obvious band for ts3011a RNAs/H1 duplex was observed in lane 3, indicating effective initiation of the CHA cycles by ts3011a RNAs. To show the effect of target concentration on H1/H2 and H1/ts3011a complex formation, we added FQ-H1 experiments (Supplementary Figure S1). When the target concentration was 10 nM, the fluorescence increased significantly, and with the decrease of the target concentration, the fluorescence intensity decreased (Supplementary Figure S1A). Besides, CHA has good specificity and can distinguish homologous RNA (Supplementary Figure S1B).
3.2 Experimental optimization
The stem length was vital in the design of H1 and H2 (Shen et al., 2020; Cui et al., 2021). The complementary stem length was too long to facilitate the opening of the hairpin, and when too short, complementary bases have poor specificity. As investigated from 6 to 10 nt toehold length of H1 and H2 in the presence of 1 nM ts3011a RNAs, the FL intensity results showed that 8-nt 5′overhang toeholds were best for initiation of reaction as shown in Figure 2A. The toehold length (8 nt) had the lowest background in electrophoresis (Supplementary Figure S2). And 37 °C was the best temperature (Figure 2B). In addition, the concentration optimization results for crRNA and Cas enzyme showed that the fluorescence intensity increased with the efficiency of the Cas enzymes. There was maximum S/N (signal/noise) at crRNA 200 nM and Cas 400 nM (Figure 2C). The results from CHA reaction time showed that the FL intensity increased significantly with increased hybridization time and the FL intensity gradually stabilized after 60 min (Figure 2D). Therefore, 60 min was selected as the best CHA reaction time.
[image: Figure 2]FIGURE 2 | Optimization of experimental parameters. (A) Different base numbers of toeholds for H1 and H2. (B) Cleavage temperature. (C) The concentrations of crRNA and Cas12a, 1 + 1 (crRNA 200 nM, Cas12a 200 nM); 1 + 2 (crRNA 200 nM, Cas12a 400 nM); 2 + 1 (crRNA 400 nM, Cas12a 200 nM); 2 + 2 (crRNA 400 nM, Cas12a 400 nM). (D) CHA reaction time. Concentrations of H1 and H2 from A to D groups were 2 μM; ts3011a RNA (10 pM). Data are presented as mean ± S.D from three replicates measurements.
3.3 Linear range and specificity of the proposed circuit
The detection of ts3011a RNAs by the DNA circuit should be sequence-specific, so we evaluated the other three kinds of tsRNA (sequences shown in Supplementary Table S1). Among them, the sequence of tRF-4 was similar to that of ts3011a RNAs, with 12 same nucleotides, thus showing a higher fluorescence detection signal (Figure 3A). However, it also confirmed that the CHA-CRISPR assay achieved highly specific detection of ts3011a RNAs.
[image: Figure 3]FIGURE 3 | (A) Specificity of CHA-CRISPR detection of ts3011a (10 pM) against different kinds of tsRNAs (10 pM). (B) Linear plot for CHA-CRISPR vs. logarithm of ts3011a at 100 aM to 1 nM concentrations. NTC, No Template Control. Data are presented as mean ± S. D from three replicate measurements.
The standard ts3011a RNA samples were diluted with DEPC and quantified by RT-qPCR (Supplementary Figure S3). Fluorescence signals were collected from 0 to 1 nM in 1 h cleavage of excessive FQ reporter molecules. With the increase of target concentration, the fluorescence intensity also increased (Supplementary Figure S4). As illustrated in Figure 3B, an obvious linear relationship of CHA-CRISPR ranging from 100 aM to 10 pM (R2 = 0.99), with a limit of detection (LOD) of 88 aM (3δ/S, δ indicating the standard deviation of the blank control and S indicating the slope of calibration curve) (Choengchan et al., 2006). The sensitivity of the proposed method was comparable to the RT-qPCR (Supplementary Figure S3).
3.4 Simulated aerosol detection experiment
The detection device is shown in Figure 4A. The aerosol was generated by a momentary shock, and we chose to open the lids for 5 min because the aerosol was still floating in the air and was not completely settled to be captured by the sampler. The results showed that the fluorescence generated by the collected sampling liquid of 1 nM ts3011a CHA-CRISPR and CHA products did not cause a significant increase compared to blank control (Figure 4B). RT-qPCR was performed with 1 nM ts3011a collected sampling liquid of RT-qPCR products can cause amplified contamination of 0.21 fM (Figure 4C; Supplementary Table S3). These results suggested that the CHA-CRISPR can avoid aerosol contamination caused by amplified products.
[image: Figure 4]FIGURE 4 | (A) Sampling scene (including the sampler device and samples). (B) Aerosol detection of CHA-CRISPR. a, blank control (without ts3011a); b, collected sampling liquid of CHA products; c, collected sampling liquid of CHA-CRISPR products; d, ts3011a (1 nM). (C) Aerosol detection of RT-qPCR. a, ts-3011a (1 nM); b, collected sampling liquid of RT-qPCR products. Data are presented as mean ± S.D. from three replicate measurements.
3.5 Quantification of ts-3011a in cells and serum samples with CHA-CRISPR
The expression levels of ts3011a RNA in PANC-1 and hTERT-HPNE were analyzed with CHA-CRISPR and RT-qPCR (Supplementary Table S2). The quantification results showed that the CHA-CRISPR was consistent with RT-qPCR (Figure 5A). The level of ts3011a RNAs in the serum samples was also detected (Figure 5B). These results showed that the levels of ts3011a RNAs from PC patients were much higher than those from healthy individuals, which was consistent with recently reported results (Jin et al., 2021). Besides, the CHA-CRISPR demonstrated a significantly superior diagnostic accuracy for early PC patients, with an area under the curve (AUC) of 0.7574, exhibiting 75% sensitivity and 75.53% specificity (Figure 5C), which is consistent with RT-qPCR (which showed the sensitivity of 66.67% and specificity of 77.78%, Supplementary Figure S5). From Figure 5D, the fluorescence intensity of the CHA-CRISPR assay demonstrated a good agreement with the Ct values of RT-qPCR in the detection of serum samples (R = 0.9367).
[image: Figure 5]FIGURE 5 | Diagnostic efficiency evaluation results. (A) Expression levels of ts3011a in cells using CHA-CRISPR and RT-qPCR. (B) Serum ts3011a expression level was detected by CHA-CRISPR and RT-qPCR. HC, healthy control (including 40 PC patients and 34 control individuals). p < 0.001. (C) Receiver Operating Characteristic (ROC) curves for CHA-CRISPR for ts3011a concentrations in serum samples (including 40 PC patients and 34 control individuals). (D) Correlation of CHA-CRISPR assay fluorescence intensity with clinical RT-qPCR Ct values. Data are presented as mean ± S. D from three replicate measurements.
4 CONCLUSION
In summary, based on CHA and CRISPR-Cas12a, we have first developed a target-initiated amplification detection of pancreatic-cancer-specific tsRNAs. Under simulated experimental conditions, aerosol pollution was not produced by products of CHA-CRISPR with 1 nM tsRNA. The detection was achieved at 37 °C within 2 h, with a detection limit of 88 aM. Its diagnostic performance was found to be similar to that of RT-qPCR, and it is more suitable in community hospitals without precision instruments and PCR testing standard environments.
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Primer
name

Plasmid-HSV-1

Plasmid-HSV-2

Sequence information (5°-3")

GTCATTCAGATATCCTGTCTGCTCTACGACCTGTCCACCACCGCCCTGGAGCACGTCCTCCTGTTTTCG
CTCGGTTCCTGCGACCTCCCCGAATCCCACCTGAACGAGCTGGCGGCCAGGGGCCTGCCCACGCCCGTG
GTTCTGGAATTCGACAGCGAATTCGAGATGCTGTTGGCCTTCATGACCCTTGTGAAACAGTACGGCCCC
GAGTTCGTGACCGGGTACAACATCATCAACTTCGACTGGCCCTTCTTGCTGGCCAAGCTGACGGACATT
TACAAGGTCCCCCTGGACGGGTACGGCCGCATGAACGGCCGGGGCGTGTTTCGCGTGTGGGACATA
GGCCAGAGCCACTTCCAGAAGCGCAGCAAGATAAAGGTGAACGGCATGGTGAACATCGACATGTAC
GGGATTATAACCGACAAGATCAAGCTCTCGAGCTACAAGCTCAACGCCGTGGCCGAAGCCGTCCTGAAG
GACAAGAAGAAGG

CAGCCCTCGCCCCTGGGTCGGGAGGCGGTGGAACAGTTCTTCCGGCACGTGCGCGCCCAGCTGAACATC
CGCGAGTACGTAAAGCAAAACGTCACCCCCAGGGAAACCGCCCTGGCGGGAGACGCGGCCGLCGCL
TACCTGCGCGCGCGCACGTATGCCCCGGCGGCCCTCACGCCCGCCCCCGCGTACTGCGGGGTCGCAGAC
TCGTCCACCAAAATGATGGGACGTCTGGCGGAAGCAGAAAGGCTCCTAGTCCCCCACGGCTGGCCC
GCGTTCGCACCAACAACCCCCGGGGACGACGCGGGGGGCGGCACTGCCGCCCCCCAGACCTGCGGA
ATCGTCAAGCGCCTCCTCAAGCTGGCCGCCACGGAGCAGCAGGGCACGACGCCCCCGGCGATCGCG
GCTCTCATGCAGGACGCGTCGGTCCAAACCCCCCTGCCCGTGTACAGGATTACCATGTCCCCGACCGGC
CAGGCGTTTGCCGCGGCGG

Amplification
length (bp)

490

490
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Primers/Probes/gRNA Sequence and modification (5'-3')* Length®

MCDA primers
Fl TCAAAGACAAGTAGTATTTGACTC 24nt
P2 TGAGGGTTGTGCATTTCC 180t
cp1 TGATACGCAAAGGAAGTGCGTTTCTGGTGATCGAGAAATGGCA 43nt
o GACTAGTAGATGCTGTTCCCGTTGAGGTTCATTAATTCTAGTAGTCTCT 49 nt
C1 TGATACGCAAAGGAAGTGCG 20 nt
c2 GACTAGTAGATGCTGTTCCCGTTGA 25nt
D1 AAGCTCTAATTCCCATTTG 19 nt
D2 ACCTGGTCATGCTCACCA 18 nt
RL TGGACCATCGGTAAACCA 18 nt
R CAGCTAATGTCCGTAGTG 18 nt
gRNA UAAUUUCUACUAAGUGUAGAUUGGUGAUCGAGAAAUGGCA 40 mer
Probe FAM-TATTATTATTATTATTT-BHQ1 17 mer

'CP1 primer was modified in linker region with a PAM site (TTTC).
"nt, nucleitide; mer, monomeric unit.
sfouidd of irabe was libeled with BAM. aiid 3'snd vwis labelod with BHOL
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Strains Source of strain: No. of strains MP-M

M. pneumoniae Isolated strains (CIP) 10

Bacillus cereus Isolated strains (CDC) 1 N
Citrobacter Isolated strains (CDC) 2 N
Corynebacterium striatum Isolated strains (CDC) 1 N
Enteroadherent Escherichia coli Isolated strains (CDC) 1 N
Enterococcus faecalis Isolated strains (CDC) 2 N
Enteroinvasive E. coli Isolated strains (CDC) 1 N
Enteropathogenic E. coli Isolated strains (CDC) 1 N
Enterotoxic E. coli Isolated strains (CDC) 1 N
Klebsiella pneumoniae Isolated strains (CDC) 2 N
Listeria innocua Isolated strains (CDC) 1 N
Listeria ivanovii Isolated strains (CDC) 1 N
Listeria monocytogenes Isolated strains (CDC) i N
Monilia albican Isolated strains (CDC) 2 N
Moraxella catarrhalis Isolated strains (CDC) 1 N
‘Mycobacterium tuberculosis Isolated strains (CDC) 2 N
Mycoplasma hominis Isolated strains (CDC) 2 N
Mycoplasma penetrans Isolated strains (CDC) 2 N
‘Mycoplasma primatus Isolated strains (CDC) | 2 N
Mycoplasma genitalium Isolated strains (CDC) 2 N
Mycoplasma urealytium Isolated strains (CDC) 3 N
Neisseria meningitidis Isolated strains (CDC) | I N
Nocardia asteroides Isolated strains (CDC) 1 N
Pseudomonas aeruginosa Isolated strains (CDC) 1 N
Salmonella sp. Isolated strains (CDC) 2 N |
Shiga toxin-producing E. coli Isolated strains (CDC) 1 N
Shigella baumannii Isolated strains (CDC) 1 N
Shigella sonnei Isolated strains (CDC) 1 N
Staphylococcus amber Isolated strains (CDC) 1 N
Staphylococcus epidermidis Isolated strains (CDC) 1 N
Staphylococcus haemolyticus Isolated strains (CDC) 2 N
Stenotrophomonas maltophilia Isolated strains (CDC) 1 N
Steptococcus salivarius Isolated strains (CDC) 1 N
Streptococcus aureus Isolated strains (CDC) 1 N
Streptococcus pneumoniae Isolated strains (CDC) 1 N
Streptocaccus pyogenes Isolated strains (CDC) 1 N
Streptococcus suis Isolated strains (CDC) | 2 N

‘CIP, Capital Institute of Pediatrics; CDC, Chinese center for disease control and prevention.
*P, positive; N, negative,
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No. Sample Age (months) Sex ease Species/strain
1 A2 1-5 F Ventricular septal defect K. preumoniae
2 A17 1-5 M Bronchopneumonia K. preumoniae
3 Al8 1-5 M Severe pneumonia K. preumoniae
4 A2 1-5 M Septicopyemia K. preumoniae
5 A2 1-5 M Bronchopneumonia K. preumoniae
6 AA 1-10 days M Neonatalpneumonia K. preumoniae
7 A28 1-5 M Necrotizing enteritis K. preumoniae
8 A3 1-5 M Bronchopneumonia K. pneumoniae
9 A3 1-5 M Neonatalpneumonia K. preumoniae
10 A37 1-10 days M Neonatalpneumonia K. preumoniae
1 A3 1-5 M Bronchopneumonia K. preumoniae
2 A49 20-25 days F Sepsis K. preumoniae
13 As7 15 M Bronchopneumonia K. preumoniae
14 A58 1-5 M Pneumonia; sepsis K. preumoniae
15 A6l 1-5 M Bronchitis K. preumoniae
16 A62 1-5 M Septicopyemia; severe pneumonia K. preumoniae
17 AG5 1-5 M Bronchopneumonia K. preumoniae
18 AG6 1-5 M Bronchitis; sepsis K. preumoniae
19 A127 6-10 M Bronchopneumonia K. preumoniae
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Module 1

Module 2

LED

LB W5SM
LY W5SM
LT W5SM
LR W5SM

Fluorescence dye

FAM
Texas Red
HEX

o5

Excitation light (nm)

450-490
560-590
515-535
620-650

Emission light (nm)

510-530
610-650
560-580
675-690
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Concentration M Of each batch M Sd RSD

1,000 pg/mL 4417.6 41635 | 20702 4.97
4,1623

39105
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Concentration M Sd RSD (%)

1,000 pg/mL 336, 1
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Added (pg/mL) Found (pg/mL, n = 3) Recovery (%) RSD (%, n = 3) ELISA (pg/mL, n = 3)

Serum + IFN-y 0 76%12 6110
200 2065 £ 176 1032 85 ‘ 2013102
1,000 1,073.2 £ 605 107.8 5.6 ‘ 1,0286 + 435

5,000 54129 + 3102 1083 57 ‘ 53092 + 198.5
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Al A2 B1 B2

Cytokine (pg/mL) us Colombia Us Colombia us Colombia Us Colombia
CXCLIL 262.8 3592 1123 5202 3793 4665 181 1956
GM-CSF 1206 2394 2031 1632 2503 2914 1116 2287
CX3CLL 236.1 246.3 272 2542 2469 268.3 2136 2449
IEN-y 105 1131 1373 1504 92,00 87.81 5672 10655
1L-10 463 1746 187.4 157 71.07 7941 2682 755
ccrL20 32 49.1 59.7 1514 43.72 64.38 27.83 126
IL-12(p70) 53 76 52 59 6.6 52 6052 63
13 341 1403 1192 2453 1144 2026 19.98 274
IL-17A 219 2418 262 18.50 2745 2186 1584 258
IL-1p 37 41 5 43 54 43 3779 43
-2 6 74 68 6.4 6.9 71 44 73
IL-21 7.1 92 101 7.1 1017 11.80 72 1
-4 250 7105 689.4 1256 5320 1066 1460 129
w23 1103 7924 1302 768.8 1530 43,016 5325 1031
IL-5 8.4 6.068 194 7.8 20.49 68 2493 66
1L-6 273 89 770 1504 61.24 1235 23.08 1128
L7 15 14.14 185 155 18.59 3050 13.68 14.66
-8 396 183 104 359 76.84 29.86 2411 29.98
ccLs 327 43.86 485 264 37.11 2867 73.93 3295
ccLa 457 j 5439 648 47.61 58.97 6119 44.98 69.87
TNF-a 16.5 307 334 352 27.31 3332 19.92 3333
IEN-a2 1247 227 214 1536 267.7 1835 4652 2345
1L-15 278 17.3 266 11.94 16.58 647 2266 9795
IL-18 2707 3627 835 1846 599.4 507.3 5745 557.6
IL-33 428 854 8314 1632 9303 712 3555 2504
IEN-B 1421 527 3446 468 3158 1568 2750 6474
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Marker class Analytes

Cytokines | 1L7, 1021, [Ng, 1L-15, L6, 1L-10, IL-17, IL-2, IL-4, IL-1b, TNFa, IL-33, [L-18 (total), IL-18BPa
Chemolkines CCL20, CXCLI1, CCL24, CCL2, CCL3, CCL7, CXCLIO, CXCLY, CCLS, CCL17, CXCLS, CX3CLL
Interleukin receptor sCD25

Kidney function [ Cystatin C

Indicator of Inflammation CRP

Range of biological processes Galectin-3

Infection indicator Procalcitonin

Type 1 membrane protein B7-1/CD8O

Protein found on antigen presenting cells Perforin

Peptide involved in central and peripheral nervous systems | Neuropeptide Y

Serine protease that is expressed strongly in the pancreas Marapsin/Pancreasin

Cell death LDH(A)

Protein fragments produced when a blood clot D-Dimer

Tissue damage Cardiotrophin-1

Spike protein receptor ACE-2

Heat shock protein HSP70

Iron levels Ferritin
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Types

Pump source
Coupling scheme
Primer state
Amplification condition
Background signal
Target detection time

Detection limit (copies/reaction)

Nano-gap active
Resonator

LED/CW laser
Light illumination in frec-space
Immobilized

Isothermal (38 or 43°C)

No

10 min

10"

Disk resonator

Tunable laser
Tapered fiber
Immobilized
Not tested
Yes

20 min

10' to 10°

Ring resonator

Tunable laser

Bus waveguide
Immobilized
Isothermal (38 or 43°C)
Yes

20 min

10' to 10°





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g010.gif





OPS/images/fbioe-10-1020444/fbioe-10-1020444-g007.gif





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g009.gif





OPS/images/fbioe-10-1020444/fbioe-10-1020444-g006.gif





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g008.gif





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g007.gif





OPS/images/fbioe-10-1020444/fbioe-10-1020444-g005.gif





OPS/images/fbioe-10-1020444/fbioe-10-1020444-g004.gif





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g006.gif





OPS/images/fbioe-10-1020444/fbioe-10-1020444-g003.gif





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g005.gif





OPS/images/fbioe-10-1020444/fbioe-10-1020444-g002.gif





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g004.gif





OPS/images/fbioe-10-1020444/fbioe-10-1020444-g001.gif
Load Sample. Detection Ouicome Analysis

& - FEE |

Amplification deecton Data dispay
ettt it
P

Free mucec scd extaction Nowamplified dtccion )





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g003.gif





OPS/images/fbioe-10-1020444/crossmark.jpg
©

|





OPS/images/fbioe-11-1066391/fbioe-11-1066391-g002.gif





OPS/images/fbioe-10-996456/fbioe-10-996456-t005.jpg
Ct

Target ORFlab N E Internal standard

StepOnePlus 27.83 2797 2786\
PNAD System 27.67 28.12 27.82 3032
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Concentration PNAD system StepOnePlus

Average ct value CV(%) Average ct value CV(%)
5% 10° [U/ml 25.68 1483 2555 1.827
5 x 10° TU/ml 2893 1.756 29.08 1.495
5 x 10* 1U/ml 3291 1383 33.06 0629

5 x 10° IU/ml 36.29 1.876 36.69 0.762
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Light source

Light intensity (Im)

Receiving light intensity
(Im)

‘With transmittance (95%)

(Im)

Simulation

Actual parameters

LED (570 nm)
Fluorescence (630 nm)
LY W5SM

Texas Red

100

1

39-82
0.56-1.18

285

0023
111-234
0.012-0.027

2.21 (5 optical elements)
0.017 (6 optical elements)
0.86-1.81

0.01-0.02
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Sensitivity Demands for Potential for specific DNA Inspection cost

instrumentation sequence
Traditional microbiological Low Medium No Medium 2-3 days
method

PCR-GE Medium Medium No Medium 220 min (30 +
100+90)"

PCRICTS* High Medium Yes Low 160 min (30 +
100+30)°

SEA-ICTS* High Low No Low 80 min (30 +
20+30)"

‘ RTFQ-PCR High High Yes High 160 min (30 +

130)°

“The asterik represents the research methods developed by this study.

"220 min include the time of DNA extraction for 30 min, PCR for 100 min, electrophoresis for 90 min.
“DNA extraction for 30 min, PCR for 100 min, purification and ICTS for 30 min.

'DNA extraction for 30 min, SEA for 20 min, purification and ICTS for 30 min.

“DNA extraction for 30 min, RTFQ-PCR for 130 min.
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Simulation

Actual parameters

Light source

LED (470 nm)
Fluorescence (520 nm)
LB W5SM

FAM

Light intensity (Im)

100

1

15-33
0.75-1.65

Receiving light intensity
(Im)

9.05
0,052
1.36-2.99
0.04-0.86

‘With
transmittance (95%) (Im)

7.76 (3 optical elements)
0,042 (4 optical elements)
1.16-2.56

0.031-0.069
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Sample type and species NAA-ICTS NAA-GE compact

SEA-ICTS PCR-ICTS SEA-GE PCR-GE

1 Klebsiella pneumoniae (ATCC 700603) * + + + +
220 Klebsiella pneumoniae (19 clinical isolates of infants) + + + « +
21 E. faecium = = - - -
n S. mitis - - - - -
23 S. pneumoniae = = = - e
2% S. epidermidis = - N N N
| 25 [ S. aureus ] - - - — -
| 26 [ A. baumannii [ - - ' - = i
27 [ A. cloacae - - - - I -
28 E. coli - - - - -
2 P. Aeruginosa = = . = s
30 S.maltophilia - = | - - N
31 S. boydii - - - - N
32 Y. enterocolitia - - - - =
» Salmonella | - = B - _
34 C. albicans | - - - - -

SEAL sl sckd amsiibeation;
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Variable

SEA product (before purification)

SEA product (after purification)

T line Cline T line C line
Diluent 53 6978
Negative control 2,590 5643 176 6,523
st 47.368 5319 50,483 6,409
@ 44,648 6214 47,521 [ 5432
$3 43211 5,980 43,790 4,320

Diluent 46 7,223

Negative control 2312 4548 187 4,381
Pl 35,604 4727 26936 4,709
P2 29396 6,465 22,720 4,392
P3 36292 5743 29874

4,507

81,53 83 Fepreeatit SRA aiplified produces:of sidh teck: T1. P B3 siprestiie PCR: anplifed vioduits of sl psiis
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Detection Sensitivity Specificity  Operation Speed Cost Application References
technology

Immunology 202 CFU/ml High Easy to use 12 min - C. sakazakii Gao et al. (2021)
10 CFU/ml High Professionals to 65 min - S. aureus Yao etal. (2020)
operate
100 CFU/ml Extremely Professionals to 150 min - V. parahaemolyticus  Zhai et al.
good operate (2021)
2 CFUlg High Easier to operate 4 h - V. parahaemolyticus  Jiang et al.
(2020)
10* CFU/ml High Easy to use <3h Less costly than  E. coli O157:H7 Zhao et al.
C-ELISA (2020)
6 CFU/ml Good Professionals to 10h - S. enteritidis He et al. (2020)
operate
Molecular 940 CFU/g High Professionals to 45 min - L. monocytogenes Li et al. (2021b)
operate
1 CFU/ml >80% Professionals to 8h - Salmonella Dueetal. (2021b)
operate
540 CFU/ml Very high Almost equipment- 70 min Low cost S. aureus Zhou et al
free (2022)
10 CFU/ml Good The whole 30 min - S. typhimurium, Shi et al. (2019)
operational Brucella spp., B. cereus
procedure should be and Shigella spp.

finished coherently

Microfluidics 15 CFU/ml Good Semi-automatic about 1h - S. aureus Song et al.
operation (2020
574 CFU/ml High Professionals to about 30 min - V. parahaemolyticus  Jiang et al.
operate (2021)
44 CFU/ml Good Semi-automatic 45 min - Salmonella Xue et al. (2021)
operation
0.5 CFU/ml Good Professionals to about 1h A very low E. coli 0157:H7 Asgari et al.
operate number of (2022)
antibodies are
needed
Metabolic 2 CEU/ml High Professionals to 10 min Production cost S, aureus Wang et al.
operate of the BICP film (2021¢)
was low
80 CFU/ml Good Professionals to 2h - Salmonella Wang et al.
operate (2020g)
In water and milk ~ Good Professionals to within 1h - L. monocytogenes Wang et al.
are 7.1 and operate (2021b)
9.2 CFU/ml
Biosensor 320 CFU/ml High Professionals to 15 min The WLRS Salmonella Angelopoulou
operate Biochip can be et al. (2021)
reused to reduce
costs
240 CFU/ml Excellent Professionals to 15h - Salmonella Feng et al.
selectivity operate (2022b)
5,000 CFU/ml Good Professionals to 1 min — E. coli Srivastava et al.
operate (2021)
<10 CFU/mlorg  High Professionals to <1h - Various Quintela et al.
operate Salmonella spp (2019)
Mass 99.3% accuracy High Not require The analysis time is ~ Low cost per Non-typhoidal Mangmee et al.
Spectrometry specially trained longer than sample, but high  Salmonella serovar (2020)
staff immunoassays and initial cost of the  screening
nucleic acid-based instrument
assays
S. aureus High Professionals to — - E. coli O157:H7 and . Li et al. (2022)
(1,000 CFU/ml), operate aureus

E. coliO157:H7
(500 CFU/ml)

ii, Cronobacter sakazaki, V. parahaemolyticus, Vibrio parahaemolyticus; S. aureus, Staphylococcus aureus; S. enteritidis, Salmonella enteritidis; S. Typhimurium, Salmonella
Typhimuriums; B. cereus, Bacillus. cereus; E.coli, Escherichia coli; E. coli O157:H7, Escherichia coli O157:H7; C-ELISA, conventional enzyme-linked immunosorbent assay; BICP, bacteria-
sied coniduitive poly; WLES, whitt Bt rellctaion spectioacinn:
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Model evaluation me LR RF SVM
Accuracy (%) 92.26 i 95.38
Precision 0.9238 09170 0.9536
Recall 0.9226 09131 0.9538
FI score 0.9215 09125 0.9634 )
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