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Nanoplasmonic biosensors have a huge boost for precision medicine, which allows doctors to better understand diseases at the molecular level and to improve the earlier diagnosis and develop treatment programs. Unlike traditional biosensors, nanoplasmonic biosensors meet the global health industry’s need for low-cost, rapid and portable aspects, while offering multiplexing, high sensitivity and real-time detection. In this review, we describe the common detection schemes used based on localized plasmon resonance (LSPR) and highlight three sensing classes based on LSPR. Then, we present the recent applications of nanoplasmonic in other sensing methods such as isothermal amplification, CRISPR/Cas systems, lab on a chip and enzyme-linked immunosorbent assay. The advantages of nanoplasmonic-based integrated sensing for multiple methods are discussed. Finally, we review the current applications of nanoplasmonic biosensors in precision medicine, such as DNA mutation, vaccine evaluation and drug delivery. The obstacles faced by nanoplasmonic biosensors and the current countermeasures are discussed.
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1 INTRODUCTION
Precision medicine promises to improve health by considering individual variability in genetics, environment and lifestyle (Denny and Collins, 2021). This new medical model provides disease prevention and early diagnosis for patients by combining the latest molecular genetic detecting technologies. The molecular mechanisms of various diseases are revealed through the characterization of genetic material sequences and their products, for example, mutations in the BRCA1 and BRCA2 genes can cause patients to have an increased risk of developing breast and ovarian cancer (da Costa et al., 2020). Therefore, their detection provides a more in-depth and more comprehensive understanding of disease risk. The appropriate detection tools for the diagnosis of individual specific biological indicators help doctors interpret cases more accurately.
Precise diagnosis is a premise for precise treatment, and to meet its requirements, detection tools need high sensitivity, specificity and rapid analysis. Most importantly, it is possible to track and quantify individual information in living cells. Nanoplasmonic sensing is a high spatial resolution optical technique based on localized surface plasmon resonance (LSPR) (Akkilic et al., 2020). Since the scattered light of LSPR is very sensitive to the surrounding media, the binding of trace biochemical molecules to the nanoparticle (NP) surface leads to changes in the local refractive index. This change is reflected in the availability of label-free and real-time presentation on biological macromolecules (Ma et al., 2015). Thus, plasmonic nanoparticles (PNPs) can be used as light scattering probes independent of each other for molecular detection as well as for the analysis of other interactions.
The optical properties of PNPs can be modified by changing their composition, shape and size, and different PNPs can be applied to different situations. Nanoparticles of gold (Au), silver (Ag), and copper (Cu) serve as typical plasmonic materials, which have significant light absorption capabilities in the visible region (Wang et al., 2023). Due to the electron oscillation, different shapes and sizes of nanoplasmonic, such as conventional particles, rods shells and stars, will be special optical phenomena derived from their heterogeneous geometry (Sharifi et al., 2019). By studying the dynamic behavior of nanoplasmonic at the single molecule level in real time, it is important for understanding the biological behavior of living cells and tissues and developing novel nanoplasmonic biosensors.
In this review, we describe the principles of nanoplasmonic biosensors, discuss the use of nanoplasmonic biosensors combined other detection tools and research progress in precision medicine in recent years, and provide an outlook on the challenges and future development of nanoplasmonic biosensors (Figure 1).
[image: Figure 1]FIGURE 1 | Nanoplasmonic biosensors for precision medicine.
2 NANOPLASMONIC SENSING
2.1 Localized surface plasmon resonance
Precision medicine requires real-time, highly sensitive and in situ detection of important substances in living organisms, which poses new requirements for biosensing. In recent years, the rapid development of nanotechnology has provided new opportunities. Nanophotonics-based LSPR sensing enables ultramicroscopic structures, and this combination of the unique optical and electronic properties of nanomaterials has led to a wide range of applications in medical diagnosis and treatment, molecular biology and cell biology (Su et al., 2017).
Both surface plasmon resonance (SPR) and LSPR are caused by the interaction of light with metal surfaces. When light travels through a dielectric (such as air or water) to a metal surface and interacts with certain metals (such as Au), collective oscillations of electrons in the conductive band take place at the metal-dielectric interface (Ma and Sim, 2020). If the light is confined to a very small area of the metal nanoparticle surface, it is called LSPR (Figure 2A). The LSPR is much shorter than the evanescent field of SPR. It shows that LSPR can only perceive distances of a few tens of nanometers compared to a micron perception range of the SPR (Jackman et al., 2017; Bousiakou et al., 2020). In other words, in biosensing, due to the large detection range of SPR, SPR may detect biomolecules that are not bound to the sensor surface, resulting in false positives (Figure 2B). Second, since SPR is difficult to satisfy the plasmon resonance condition, the momentum of light needs to be increased by adaptive optics (such as an optical prism) (Figure 2C) (Chauhan and Kumar Singh, 2021). This presents an engineering challenge and increases the complexity of the application.
[image: Figure 2]FIGURE 2 | Advantages of LSPR technology compared to SPR. (A) Illustration of localized surface plasmon resonance. (B) The perception range in LSPR compared to SPR. (C) Differences between adaptive optics in LSPR and SPR.
2.2 Types of LSPR-based sensors
Most of the LSPR sensing is performed on gold nanoparticles (AuNPs) or silver nanoparticles (AgNPs). AuNPs and AgNPs are widely used because of the strong fluorescence quenching, resonance and oxidation resistance. (Navas and Soni, 2015; Fai and Kumar, 2021; Kurt et al., 2021). Most importantly, they can easily adsorb biomolecules such as proteins, nucleic acids and other substances, but still retain their optical properties. Stable nanoparticles can be used as sensors to monitor light signals that are triggered by biomolecular interactions through LSPR-sensitive devices.
There are various sensing detection principles based on LSPR, among which the typical types are the use of LSPR absorbance as a readout signal, resonance shifts resulting from local variations in refractive index (refractive index sensing) and field-enhanced characteristic optical radiation (for instance, surface-enhanced Raman scattering, SERS) (Su et al., 2017; Ma and Sim, 2020).
Nanoparticles utilizing LSPR absorbance as a readout signal are typically small in size, they are more stable in buffer, and shorten the time to detection. The extinction of nanoparticles is usually monitored by chromaticity change or UV-vis spectroscopy (Borghei and Hosseini, 2019). reported a naked eye reading method for the detection of miRNA derived from CdTe QDs photoinduced LSPR solubilized gold nanoparticles (Figure 3A). CdTe QDs brought effects on the extinction bands of AuNPs, and the association of various concentrations of miR-155 and CdTe QDs produced different extinction bands on AuNPs (Kumar et al., 2021). reported a sensitive fiber optic LSPR-based biosensor for the detection of Shigella. They utilized coatings of nanomaterials and molybdenum disulfide (MoS2) to help excite localized plasma excitations.
[image: Figure 3]FIGURE 3 | SERS sensors in cancer diagnosis. (A) Mechanism of dissolution plasmonic AuNPs with water splitting via hot-electron injection by using CdTe QDs photoinduction, and Extinction band of dsDNA-green QDs complex formed with miR-155 target (right). Reproduced with permission from (Borghei and Hosseini, 2019). (B) Schematic illustration of single NP sensing for identifying single point DNA mutations (left) and LSPR λmax shifts (right). Reproduced with permission from (Ma et al., 2019). (C) One test-multi cancer using exosome-SERS-AI (left) and representative SERS spectra (right). Reproduced with permission from (Shin et al., 2023).
According to the Mie theory, the plasma resonance frequency of noble metal nanoparticles frequency is closely related to the refractive index of the surrounding medium (Su et al., 2017). The scattering spectra will be shifted with refractive index changes. Nucleic acid sensing by scattering signal change is much larger than that by absorbance change. The size of AuNPs and AgNPs that are sensed by changes in scattering signal is usually larger than those that are detected by changes in absorbance. This is due to the fact that the nanoparticles need to be sufficiently energetic so that the light scattering signal of each particle can be observed under dark field microscopy (DFM) (Ma et al., 2019). reported a method for rapid identification of point mutations by a single bridge-like AuNP sensor synthesized by DNA guidance (Figure 3B). This high refractive index sensitive biosensor is capable of detecting protein-DNA interactions and detecting single point DNA mutations (Funari et al., 2020). developed an optical microfluidic sensing platform. Gold nanospikes in this platform were fabricated using an electrodeposition method to detect a certain of antibodies specific for SARS-CoV-2 spike protein in human plasma within 30 min. The LSPR wavelength peak shift of gold nanospikes varies with the concentration of antibodies at different targets, which is attributed to local refractive index changes due to antigen-antibody binding. In the same year (Versiani et al., 2020), carried out a nanosensor based on LSPR, which is able to differentiate serologically between dengue and Zika infections. Readings can be obtained in the ELISA-plate spectrophotometer without the need for specific equipment. In recent years, researchers have improved the refractive index sensitivity by improving the size and morphology of gold nanoparticles, and are gradually moving toward miniaturization in terms of experimental setup.
Since Raman analysis cannot detect molecules in ultra-low concentration solutions, surface-enhanced Raman was developed to improve the sensitivity of Raman detection (Zhang et al., 2019) (Balderas-Valadez et al., 2018). When the LSPR spectrum matches the absorption wavelength of the adsorbed molecules, some biosensors can detect Raman signals caused by plasma field enhancement effects, in addition to the signal of the intrinsic LSPR of the plasma. The capability of SERS to enhance the Raman signal by several magnitudes through plasma excitation has led to great scientific interest in knowing the foundation of this improvement (Langer et al., 2020). SERS has been used in various ways for cancer diagnosis. Many research groups have attempted to use SERS in medical diagnostics to detect cancer biomolecules in blood, saliva and urine (Constantinou et al., 2022). (Moothanchery et al., 2022) group developed a fast single peak Raman technique for the diagnosis of epithelial ovarian cancer by haptoglobin, prognostic biomarkers. Haptoglobin concentration in ovarian cyst fluid can be tested and quantified using an in vitro based on Raman spectroscopy. Instead of using plasma nanoparticles to enhance the intrinsically weak Raman signal as described previously, this system is quantified by the pure Raman signal intensity of the TMB. Still, it can be seen that the development of low-cost and portable systems is the direction of SERS device development. However, logical multiplex assays with more than three biomarkers remain challenging (Gong et al., 2015). (Lin et al., 2021a) developed a 0.3 cm diameter nanogel matrix which can enhance and stabilize the Raman signal further. This nanogel substrate can capture SERS nanoparticles corresponding to the proteolytic activity of matrix metalloproteinases (MMP), assisting doctors to obtain low concentrations of target MMP to guide subsequent treatment. And more recently, SERS has been further developed in conjunction with AI for cancer diagnosis (Shin et al., 2023). demonstrated a liquid biopsy method combining AI and SERS to diagnose 6 early cancers through label-free analysis of plasma exosomes (Figure 3C). Recent papers have emphasized the need to continue the performance exploration not only in the structure of metallic nanomaterials, but also to focus on the integration, miniaturization and cost reduction of sensors for practical applications. In this regard, disposable, stand-alone integrated sensing’s are perhaps the most practical.
3 INTEGRATION OF NANOPLASMONIC WITH OTHER METHODS
Local enhancement of optical fields displayed in metallic nanostructures has been used in a large number of research areas. In single molecule biosensing, PNP is one of the most researched label-free platforms with high sensitivity (Akkilic et al., 2020). Not only that, with the advancement of nano-plasmas, more biological diagnostics are integrated, greatly facilitating the development of crossover to different subjects.
3.1 Isothermal amplification
Mainstream isothermal amplification techniques include loop-mediated isothermal amplification (LAMP), recombinase polymerase amplification (RPA) and helicase-dependent amplification (HDA), etc (Zhao et al., 2015). The entire process of isothermal amplification is always at one temperature, and rapid amplification of nucleic acids can be achieved by designing the appropriate specific primers and adding active enzymes. To facilitate and enhance their performance, various nanomaterials have been introduced in isothermal nucleic acid amplification, mainly for reaction enhancers, signal generation/amplification or surface loading carriers (Zhang et al., 2022).
Alafeef et al., 2021 reported a stepwise protocol for rapid and naked-eye molecular diagnosis of COVID-19 with RNA-free extraction nano-colorimetric testing. The binding of ASO, which is specific for the N-gene of SARS-CoV-2, to its target sequence leads to the aggregation of plasmonic AuNPs. Such high-specific aggregation processes resulted in an alteration of the plasmonic response of the nanoparticles. The following year (Ye et al., 2022), reported a powerful sensing method based on DNA hybridization of LAMP amplicons for nucleic acid detection, called Plasmonic LAMP. Au-Ag alloy nanoshells are developed as plasma sensors and display molecular weight standard patterns in gel images (Figure 4A). However, RPA exhibits a faster detection compared to the 75 min reaction time of the LAMP method described above (Woo et al., 2021). developed a plasmonic isothermal RPA array chip that can accomplish fast multiplex molecular detection. The 3D plasmonic substrates comprising AuNPs on intensive gold nanopillars show highly intensified iso-excited enhanced fluorescence of long RPA products.
[image: Figure 4]FIGURE 4 | Nanoplasmonic integration strategy. (A) Schematic illustration of the Au-Ag shells growth based on galvanic replacement reaction (left)and gel images of plasmonic LAMP (right). Reproduced with permission from (Ye et al., 2022). (B) Scheme of MOPCS. Reproduced with permission from (Chen et al., 2022). (C) Sketch of the Ab-PfLDH-aptamer sandwich scheme (left) and calibration curve of the immunoassay for PfLDH (right). Reproduced with permission from (Minopoli et al., 2020). (D) FTIR spectrum of bovine serum albumin (BSA) (left) and schematic of the QCLD device (right). Reproduced with permission from (Hinkov et al., 2022).
The application of nanoplasmonic in isothermal amplification is extensive and effective. Because nanoplasmonic significantly increases the sensitivity to isothermal amplification. But traditional isothermal amplification requires purification of nucleic acids and gel electrophoresis, and although the amplification time is shortened, the results show that it takes a significant amount of time. Researchers expected to take advantage of the fast speed of isothermal amplification by combining it with nanoplasmonic and using fluorescence microscopy for simple measurements. However, the overflow of nucleic acids during isothermal amplification and the lack of the complex laboratory equipment remain pressing issues.
3.2 CRISPR/Cas system
Recent advances in Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR associated (Cas) enzymes have exposed the distinctive incidental DNase activities of Cas (Zetsche et al., 2015; Chen et al., 2018). The widely known mechanism of CRISPR technology is the combination of a Cas enzyme with a guide RNA (gRNA). This complex can recognize and cleave site-specific DNA sequences by protospacer-adjacent motif (PAM). The rich variety and diverse properties of CRISPR/Cas systems make them important not only for gene editing, but also show great potential for single-molecule sensing.
In recent years, although different methods for detecting DNA mutations such as SPR and SERS have also been developed, these methods require expensive equipment and do not allow for point of care (POC) applications (Li et al., 2014; Moitra et al., 2022). (Zhou et al., 2022) developed a CRISPR/Cas9-based visual colorimetric platform that specifically detects all single-base mutations. The visual effect was further enhanced by using HRP-gold nanoparticles complex (hGNPs) and biotin modified probes (Bioprobe) to hybridize with RCA products on top of magnetic separation. Similarly, in the same year (Chen et al., 2022), demonstrated a Methodologies of Photonic CRISPR Sensing (MOPCS) for rapid and specific diagnosis of the Omicron variant of SARS-CoV-2 (Figure 4B). The application of this single-base mutation recognition capability highlights the potential for subspecies precision detection applications, is a novel finding, and may replace PCR in future large-scale virus screening.
Besides that, the nanoplasmonic also plays a role in virus detection by enhancing color development (Li et al., 2019), described a new plasma-based CRISPR Cas12a assay for colorimetric detection of red-blotch infection. This sensing strategy generates a fast and specific colorimetric signal for nucleic acid amplicons by combining Cas12a′s unique targeting-induced single-stranded DNase activity with plasma coupling of DNA-functionalized AuNPs. However, in tumor therapy, the direct combination of SHP2 and Elaiophylin was further confirmed by SPR (Li et al., 2022). This contributes to a rational treatment strategy for ovarian cancer (Tao et al., 2022). synthesized multi-branched gold nanocomposites that not only have significant plasmon resonance in the NIR-II window but also control the delivery of CRISPR-Cas9 for synergistic gene photothermal therapy.
Nanoplasmonic is integrated with CRISPR may be the future trend of development. Firstly, compared to the traditional CRISPR strategy of signal amplification with the help of amplification, which is prone to aerosol contamination, nano-plasma combination achieves enhanced sensitivity under no amplification by a different way. Secondly, traditional nano-plasma sensing usually requires the use of precision and complex instruments, while CRISPR systems have great potential for visualization and in situ detection. With high sensitivity and accuracy, the characteristics of both are well complemented. It is exciting to note that in addition to diagnostic advances, the synergy of nanoplasmonic and Cas-led gene editing in therapeutic approaches has also yielded good results, which is driving the development of precision medicine.
3.3 ELISA
Enzyme-linked immunosorbent assay (ELISA) is a comprehensive technique that combines the immune reaction of antigens and antibodies with the efficient catalytic reaction of enzymes. A common feature of nanomaterials is the high specific surface, which has enabled the immobilization of probes and enhanced detection performance through increased sensitivity (Li et al., 2020). Exploring nanoplasmonic strategies for ultrasensitive detection of protein biomarkers appears to be more challenging than DNA detection.
Luan et al., 2020 reported that plasmonic nanoscale structures can be used as “add-on” tags for various bioassays, improving their signal-to-noise ratio and variable range without changing their workflow and reading devices. In the same year (Minopoli et al., 2020), described an isoexcite-enhanced fluorescent immunosensor to detect Plasmodium falciparum lactate dehydrogenase (PfLDH), specifically and ultrasensitively in whole blood (Figure 4C). The biosensor achieves a detection limit of <1 pg/mL (<30 fM) without any sample pretreatment and has very high specificity. Also, (Li et al., 2020), designed a plasma nanoplatform with a catalytic hairpin assembly (CHA) amplification reaction and increased detection limit to 1.0 × 10–4 pg/mL In the early diagnosis of hepatitis C virus (HCV) infection, the detection sensitivity was much better than that of commercial ELISA kits. And the 83.3% positivity rate of the plasmonic nanoplatform was higher than the 53.3% of ELISA. Plasmonic nanostructures are candidates for extending fluorescence detection limits to femtomolar levels and beyond.
Naked-eye detection, without any optical readout device, is another advantage of this sensing approach, which significantly reduces the cost of analysis and makes it feasible in resource-limited settings. Although the emerging plasmonic ELISA is a candidate diagnostic due to its unprecedented sensitivity and ease of handling, unimodal colorimetric readouts that rely primarily on the monodisperse or aggregated state of Au or Ag nanoparticles remain limited in clinical applications due to uncertain experimental and environmental factors leading to poor accuracy.
The future direction of nanoplasmonic biosensors relies on fast, sensitive, and fielded strategies that are not only useful for achieving single-molecule sensitivity in vitro bioassays and revealing molecular interactions within organisms, but are also suitable for large-scale applications. This requires the cross-application of multiple technologies and continuous improvement of detection devices to complement the obvious shortcomings of biosensors, thus showing greater potential for integration, portability, and standardization in nanoplasmonic biosensors. Surprisingly, with the advancement of biocompatible and long-term stable nanomaterials, tracking single target molecules will finally open new paths for precision diagnostics and therapeutics.
3.4 Lab on a chip
A microfluidic chip is one that manipulates or processes small amounts of fluid through channels of tens to hundreds of microns in size, and is also known as a lab on a chip (LOC). In recent years, advances in LOC technology have facilitated advances in miniaturized bioanalytical equipment (Whitesides, 2006; Liao et al., 2018). (Hinkov et al., 2022) presented a fully monolithic integrated mid-IR sensor which integrates all these functions into a miniaturized device (Figure 4D). By combining a laser, interaction zone, and detector on a single chip, and by using plasmonic waveguides that avoid the diffraction limitations typical of conventional chip-scale photonic systems. They achieved a next-generation fast liquid sensor of fingertip size (<5 × 5 mm2) next-generation fast liquid sensor. However, due to the oversimplified nature of most optical architectures, miniaturized systems are usually far less capable than equivalent systems in desktop labs (Tua et al., 2023) developed a compact plasmonic “rainbow” chip for fast and accurate dual-function spectroscopic sensing that can outperform conventional portable spectrometers under certain conditions. The system has the potential to be integrated with smartphones and LOC systems to develop in situ analysis applications.
Although LOC has made substantial progress in improving detection throughput, reducing cost and time, and simplifying operation, the improvement of sensitivity in the integration of nanoplasmonic on microfluidic chips is still not negligible (Garcia-Lojo et al., 2020). produced SERS microfluidic chips by integrating plasmonic supercrystals within microfluidic channels for label-free and ultrasensitive detection (Wang et al., 2021). proposed the integration of nanorod arrays on microfluidic chips to be used for rapid and sensitive flow immunoassays of physiologically related macromolecules. Dense arrays of Au nanorods can be easily prepared by one-step oblique angle deposition, thus eliminating the requirement for advanced lithography methods.
4 APPLICATIONS IN PRECISION MEDICINE
4.1 DNA mutation
Genetic diagnosis (such as DNA mutations) for precise prevention and treatment presupposes the ability to accurately determine individual genetic information, thus genetic diagnosis is the foundation of precision medicine (Liu et al., 2020b). Current genetic testing is focused on tumor patients and rare single gene disease testing. In the future, as the expected cost of sequencing decreases from $500 in 2021 to $20 in 2030, genetic testing will become a common test item in diagnosis for more scenarios such as common diseases and medication guidance (Denny and Collins, 2021).
Scientists believe that identifying specific point mutations, deficiencies and nucleic acid modifications is becoming increasingly important as many sequences are confirmed as clinical biomarkers (Koch et al., 2018; Luo et al., 2018). Gene mutations are related to 10%–30% of spontaneous cancers in a diverse range of tissues (Hollstein et al., 2017). Most approaches to identifying gene mutations depend on traditional sequencing (Schmitz et al., 2018). However, these measures are still complex, which limits their use in the clinic. With the development of nanoplasmonic biosensors, researchers expect to solve this challenge through the design of rational plasmonic nanostructures. They effectively improve refractive index sensitivity, making them more sensitive than nano-plasmas of the same size (Ma et al., 2019). reported a rapid method for identifying point mutations through a AuNP sensor (Figure 5A). DNA-directed gold crystals form structurally designed rod-like nanoparticles with bridges based on the structure. Such plasmonic nanoparticles achieve a high refractive index to monitor trace amounts of protein-DNA binding without interference. Similarly (Liu et al., 2020b), proposed to combine active plasmonic nanostructures, SERS and polymerase chain reaction (PCR) to identify and classify BRAF wild type and V600E mutant genes using statistical tools. Among the four different shapes, the nanostar exhibited the highest SERS activity due to its highly anisotropic structure. Detection limits can be as low as 100 copies of the target DNA sequence.
[image: Figure 5]FIGURE 5 | (A) Identifiable detection of the eight single point mutations. Reproduced with permission from (Ma et al., 2019). (B) Simultaneous detection of multiple miRNA targets. Reproduced with permission from (Lu et al., 2021). (C) Schematic diagram of MNP@Au nanostars synthesis steps, drug binding, and NIR-triggered drug release (left) and drug release after illumination with NIR. Reproduced with permission from (Tomitaka et al., 2020). (D) Intraoperative Raman imaging of residual microtumors after surgical resection of primary tumors. Reproduced with permission from (Qiu et al., 2018).
In addition to high-precision detection of single-base mutations, because nanopores are sensitive to small changes in local refractive index, novel nanopore-based sequencing has been developed to open up new avenues for high-throughput nucleic acid sequencing (Garoli et al., 2019). Arif E. Cetin et al. describe a label-free sequencing platform integrated with a device based on lens-free imaging (Cetin et al., 2018). The spectral shift within the transmission resonance is triggered by a sharp decrease in the nanopore transmission response due to a mismatch in the spectral window upon attachment of streptavidin. This platform can reliably identify targeted deoxyribonucleic acids by monitoring plasma diffraction images. Nanopore sequencing will need to adapt the physical and chemical properties of solid-state nanopores and their compatibility with mass production in future developments to overcome the limitations of current electrical readouts and highlight potential advantages.
4.2 Cancer biomarker diagnosis
The diagnosis of cancer biomarkers is essential to achieve early disease prevention, monitoring progression and effectiveness of therapeutic interventions. Plasmonic sensors have demonstrated a wide array of analytical abilities, ranging from fast colorimetric readings generation to single molecule sensitivity at ultra-low sample volumes, which has allowed them to be increasingly explored in cancer biomarkers (Cathcart and Chen, 2020). A large number of biomarkers have been developed for cancer diagnosis, such as microRNA (miRNA), exosomes, circulating tumor DNA (ctDNA), and circulating tumor cells (CTCs) (Bellassai et al., 2019). For example, the presence of CTCs, whose phenotypic heterogeneity suggests different invasiveness, reveals the stage of cancer and metastasis (Poudineh et al., 2017). Among them, research on miRNA is progressing rapidly. There are now significant advances in miRNA applications of biosensors in breast, lung and colorectal cancers (Borghei and Hosseini, 2019; Wong et al., 2021; Azzouz et al., 2022; Ekiz Kanik et al., 2022). miRNA, a single-stranded non-coding RNA molecule of short length (usually about 18–25 nucleotides in length), have a critical role in apoptosis, proliferation, differentiation, invasion and migration of cells (Kappel and Keller, 2017). Therefore, miRNA is a potential and important indicator to distinguish benign and malignant tumors in certain contexts (Wong et al., 2021). However, miRNA detection is still complicated by the short length and low abundance of miRNAs and the high sequence similarity between members of the same family (D'Agata and Spoto, 2019). In principle, the operation of the plasma sensor relies on sensing changes in the local dielectric environment. miRNAs differing in sequence by only a single base are expected to show almost identical refractive indices, and thus should vary identically in the local dielectric environment.
Lu et al., 2021 reported the use of individual magnetic beads covered with a plasma layer as a multiplexed microreactor (Figure 5B). miRNA will result in the specific capture of the corresponding SERS reporter GNP being specifically captured into the epithelial layer, which will greatly boost SERS signal caused by the target miRNA. This signal will be mapped by confocal Raman microscopy. This method achieves high precision g-sensing of sub-pM targets with multiplex detection. Subsequently, attomolar-level assays were reported (Ekiz Kanik et al., 2022), developed a highly sensitive and multiplexed digital microarray using plasmonic Au nanorods as markers to enable high-precision two microRNA (miRNA-451a and miRNA-223-3p) detection. Particle tracking addresses the sensitivity constraints of biomarkers in the existence of low-affinity but high-abundance background molecules. Both miRNAs are 10 attomolar and the total incubation time is reduced from 5 h to 35 min.
4.3 Virus detection
The spread and proliferation of viruses has emerged as a risk to global biosecurity, with the current COVID-19 pandemic as an example. SARS-CoV-2 is an RNA virus that can be transmitted not only by inhalation of viral particles in droplets discharged into the air, but also by aerosols carrying viral droplets that can survive for up to 3 h, and by daily personal contact with contaminated surfaces (Lewis, 2020; Prather et al., 2020). The high level of antigenic drift of SARS-CoV-2 may allow the viral pathogen to find additional modes of transmission and become more lethal (Yewdell, 2021). With thousands of different types or variants of SARS-CoV-2 around the world, the variability of the virus underscores the urgent need to design effective vaccines, develop early and rapid diagnostics, and effective antiviral and protective therapies (Yakoubi and Dhafer, 2023). In this regard, the field of nanotechnology can be a bridge between diagnosis and treatment in the fight against COVID-19 and can provide many solutions both outside and inside the host.
Nanoplasmonic have antiviral activity against former coronaviruses and numerous other kinds of viruses, and by studying the photoelectric and chemical characteristics of plasmonic nanoparticles showing surface plasmon resonance effects, they may offer novel perspectives to combat COVID-19 as a drug carrier that is part of an effective therapy for early detection. On the one hand, it is based on the detection of metal surfaces. For example (Huang et al., 2021), developed a method for one-step rapid and direct optical measurement of SARS-CoV-2 virus particles using a spike-in protein-specific nanoplasmonic biosensor, which requires almost no sample preparation. Sensitivity down to 15 vp/mL. On the other hand, the detection is based on self-assembled metal structures. For example (Funari et al., 2020), developed a label-free microfluidic sensing platform with gold nanospikes fabricated by electrodeposition, where the concentration of the target antibody can be associated with the LSPR wavelength peak shift of the gold nanospikes due to local refractive index changes caused by antigen-antibody binding. The platform achieves a limit of detection of ∼0.08 ng/mL (∼0.5p.m.). To further improve sensitivity (Qiu et al., 2020), used complementary DNA receptor-functionalized two-dimensional gold nanoislands (AuNIs) that can accurately distinguish selected sequences of SARS-CoV-2 by nucleic acid hybridization with a low detection limit of 0.22 p.m.
In terms of external conditions, existing personal protective equipment can actually be an effective measure to restrain the spreading of SARS-CoV-2, but there is no inherent antimicrobial effect can only temporarily protect the user (Yakoubi and Dhafer, 2023). Therefore, the development of anti-viral surface coatings and self-sterilizing surfaces to inactivate SAS-CoV-2 is an issue of high demand. In these respects, several researches have recently been presented highlighting the use of plasma metal nanoparticles in combination with polymers and textiles that play a role in decreasing the survival of viruses on the surface (Toledo et al., 2020; Ulucan-Karnak, 2021). Ordinary masks and N95 respirators usually lack self-sterilizing properties, and water droplets can still remain on the fibers (Zhong et al., 2020). reported plasma photothermal and superhydrophobic coatings on N95 respirators, where the superhydrophobic properties prevent the accumulation of respiratory droplets on the respirator surface and the presence of silver nanoparticles provides additional protection against microorganisms through the disinfection of silver ions. The plasmonic heating can raise the respirator surface temperature to more than 1 °C within 80 min of sunlight exposure. This approach offers greater long-term protection by enhancing the reusability and antimicrobial activity of the mask.
4.4 Evaluation of vaccine effectiveness
Although the COVID-19 vaccine has significantly transformed the struggle against pandemics, for many people there is hesitation to get vaccinated (Fischer et al., 2022). Detection of vaccines (adjuvants and antigens) is therefore critical for basic research in immunotherapy and may influence the extent to which people accommodate vaccines in the future (Shen et al., 2021). Meanwhile, the development of antibody assays is essential for monitoring and epidemic studies, evaluating the level and persistence of antibodies required for immunization, and assessing vaccine effectiveness. There appears to be less information on the evaluation of nanoplasmonic biosensors in terms of vaccine efficacy, probably because of difficulties such as assessing antibody maturation and distinguishing recent from old infections, but this is still very important.
Park et al., 2021 performed LSPR to evaluate real-time adsorption of bovine serum albumin (BSA) on alumina and silica surfaces using alumina- and silica-coated silver nanodiscs arrays with plasmonic properties. A more rigidly adherent BSA protein-based coating was formed on the surface of alumina-based nanomaterials. Helps guide the development of protein coatings for vaccines. Antibody and antibody affinity assays are also among the uses of plasma in vaccines (Liu et al., 2020a). simultaneously detected antibodies to the spindle S1 subunit and SARS-CoV-2 receptor binding domain in human serum and saliva by near-infrared fluorescence amplification of proton Au substrates, and quantified immunoglobulin affinities against coronavirus antigens from SARS-CoV-2, SARS-CoV-1, and common cold virus. The effectiveness and efficacy of most studies involving vaccines against mutant strains is unknown. In addition, the longer COVID-19 persists, the more likely new mutations which assist the virus to escape the immune response will appear. Therefore, further studies on different types of vaccines and cross-vaccination are needed.
4.5 Drug delivery
Due to the expanding imaging and diagnostic capabilities of nanoplasmonic biosensors in response to exterior stimulation, they are already being explored for on-demand drug detection (Asadishad et al., 2021), drug resistance analysis (Ouyang et al., 2023), drug attrition reduction (Lee et al., 2021), drug delivery (Figure 5C) (Tomitaka et al., 2020) and toxicological analysis (Masterson et al., 2021). Due to individual differences, such as medication history, age, and other factors, routine doses of medications may not be appropriate, which may lead to organ damage or other complications for the patient.
The number of nanomedicines currently available to patients is much lower than predicted by the field, in part because of the translational gap between animal and human studies (Mitragotri et al., 2017). Overcoming the patients’ heterogeneous biological, microenvironmental and cellular barriers is also achieved through precision therapy (Mitchell et al., 2021). As a result, few of the approved nanomedicines are suggested as preferred treatments and many improve the condition of only a small percentage of patients. However, nanoplasmonic development can begin to optimize drug delivery in a more individualized way and enter the era of precision medicine. sweat usually contains large amounts of biochemical substances (such as electrolytes, metabolites, proteins, and drugs), and can reflect human physiological conditions (Xiao et al., 2023). achieved simultaneous monitoring of vital signs with sweat sampling and acetaminophen drugs. Some treatments with nanoplasmonic are intended to facilitate particle build-up and penetration by reshaping the tumor microenvironment, thereby improving drug efficacy or sensitizing tumors to specific therapies. For example (Chen et al., 2019), used photothermal NPs to improve the infiltration and activity of chimeric antigen receptor (CAR) T cells against solid tumors. Similarly (Wilson et al., 2016), reported that tumor-associated endothelial cells can be manipulated by microRNAs delivered by NPs that alter the tumor vascular system, thereby sensitizing the tumor to conventional cancer therapies.
In conclusion, the introduction of nanoplasmonic developed for specific patient populations can accelerate clinical translation. Advances in genome sequencing and biomarker diagnostics permit suitable choices for the treatment of patient-specific diseases, as mentioned earlier. The development of drug delivery for precision medicine should be a highly customizable process. Such well-designed methods enable the pharmacokinetics of therapeutic agents to be tuned to meet solubility, delivery or biodistribution requirements.
4.6 Molecular imaging
Nanoplasmonic in SPR and LSPR imaging are applied to microscopic imaging techniques in biology and biochemistry to improve key properties of fluorescence imaging (such as sensitivity and resolution) (Ahn et al., 2021). SPR and LSPR imaging are actively used in studies to monitor changes in surface properties with specific markers for functionalized imaging (such as DNA fixation/hybridization processes and antibody-antigen interactions) (Aoki et al., 2019; Zhou et al., 2019). In recent studies, improvements in nanoplasmonic element-based fluorescence imaging have reached the level of super-resolution imaging, pushing the diffraction limit (Brettin et al., 2019). For example (Son et al., 2019), demonstrated that hyperlocalized near fields with plasmonic nanopore arrays (PNA) studied neuronal mitochondrial transport. Compared to conventional imaging techniques, PNAs create large arrays of hyperlocalized beams and allow sampling and extraction of 3D mitochondrial dynamics in almost real time. The resolution is improved by a factor of 12.7 compared to confocal fluorescence microscopy.
SERS-based nanoprobes are used as competitive imaging agents for in vitro and in vivo bioimaging due to their ultra-sensitivity, specificity, multiplicity, biocompatibility and photostability (Lin et al., 2021b). In addition to its use in cancer diagnosis, SERS has shown an increasingly important role in cancer treatment. On the one hand, there is growing evidence that SERS has become a new imaging tool to guide surgeons in pinpointing the margins of surgically removed tumors. On the other hand, there has been considerable interest in smart SERS-based therapeutic diagnostic platforms for SERS guidance. For example (Qiu et al., 2018), demonstrated intraoperative detection and eradication of residual microscopic lesions at the surgical margins, which relies on gap-enhanced Raman tags (GERTs)-based Raman imaging (Figure 5D). The low energy laser at 785 nm triggers a Raman signal that can be used for highly sensitive and photostable detection of microtumors. And the thermal effect of microtumor ablation is produced when switching between 808 nm high power lasers. However, since the expression of biomarkers in tumors is heterogeneous, attention should be paid to the issue of multiple molecular imaging of different disease-associated biomarkers.
5 OUTLOOK AND CONCLUSION
Nanoplasmonic, a promising nanomaterial, has unique plasmonic and optical properties including absorption, scattering, and field enhancement. In this review, we disclose that nanoplasmonic biosensors have great potential for applications in precision medicine. The first part demonstrates specific sensing based on nanoplasmonic (such as SPR, LSPR and SERS) and analyzes their existing advantages and shortcomings. The second part reports on the integration of multiple technologies, including integrated isothermal amplification, CRISPR/Cas, lab on a chip and ELISA, which help to bridge the gaps of individual technologies. Based on the current situation, POC testing is more appropriate for these sensors than large-scale testing, although micro and portable sensors are appearing. In the final section we discuss the applications and trends of nanoplasmonic biosensors in precision medicine. In particular, the continuing COVID-19 pandemic has highlighted the need to find fast and reliable sensors. In fact, in a sense, virus pandemics and insurmountable cancers are driving the field of precision medicine sensing, especially plasmonic technology, as the requirement for rapid, dependable, mobile and inexpensive sensors becomes essential.
Despite the rapid development of nanoplasmonic with controlled optical properties, their large-scale utilization in medicine is still limited, probably due to i) the relatively high price of precious metals, ii) the low yield of materials with excellent properties, iii) the need for precise fabrication methods to control different sizes and morphologies, iv) the unclear biological toxicity in physiological environments, and v) the complex matrix identification capabilities in complex matrices. In most applications, the optical properties of nanoplasmonic are strongly dependent on size, morphology, and interactions with each other, so care must be taken to adapt fabrication techniques to achieve well-controlled and highly productive plasmas with various structures. In order to be stable in maintaining optical properties, polymers and inorganic coatings have been successfully used with many effective surface modification strategies that contribute to chemical and biological stability. However, issues such as long-term biocompatibility and specific cytotoxic residues of nanoplasmonic under pathological conditions remain a challenge for clinical practice.
Several issues need to be addressed in nanoplasmonic integration technology. The first is the integration of nanoplasmonic biosensors with sample pre-processing units (such as separation and purification of samples) for eventual practical applications in POC as well as cost-effective sensors for mass production, and more ideally will be used to deliver advanced nanoplasmonic technology from the laboratory to the bedside. As a result, the need for plasma coupled to microfluidics for sample collection and processing will continue to grow. With development it can be expected that mobile and economical biosensors will be available. Secondly, while nanoplasmonic biosensors are very promising for detecting the redox activity of individual proteins or enzymes, they still face challenges due to the limitations of current amplification strategies. The application of nanopores will not only be applied to commercial DNA sequencing, but will also contribute to the study of protein binding and enzyme reaction kinetics.
In conclusion, nanoplasmonic biosensors have achieved significant advances and have shown sufficient sensitivity to observe even single molecular binding events. The quantification of biomolecular interactions at the single molecule level greatly expands the scope of biosensor and analytical techniques and allows access to potential heterogeneity in molecular properties. This heterogeneity may arise from the existence of various species in the sample or the presence of distinct conformations of the same species. However, transforming these encouraging advances in science to biosensor devices for daily life will require additional work on many aspects. The next-generation of nanoplasmonic technology will move out of the laboratory and translate into smart POC diagnostics that will shape the future of precision medicine.
AUTHOR CONTRIBUTIONS
XM conceived the concept of lab-on-a-particle and led the researches of nanoplasmonic biosensors. YX wrote the manuscript with input of ZZ and SY. All authors contributed to the article and approved the submitted version.
FUNDING
XM acknowledges the grants from Natural Science Foundations of Shenzhen (JCYJ20210324132815037, GXWD20220818171934001) and Guangdong (2022A1515220158), Department of Education of Guangdong (2021KQNCX276, 2022ZDZX 2065), the Fundamental Research Funds for the Central Universities (Grant No. HIT.OCEF.2022040), Zhujiang Talents Programme (2021QN02Y120), China Postdoctoral Science Foundation (2017M621664), Qianjiang Talents Programme (QJD2002017), Taishan Industrial Experts Programme (TSCY202006001) and the Provincial Science Foundation for the Excellent Youth Scholars (2022HWYQ097).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahn, H., Kim, S., Kim, Y., Kim, S., Choi, J. R., and Kim, K. (2021). Plasmonic sensing, imaging, and stimulation techniques for neuron studies. Biosens. Bioelectron. 182, 113150. doi:10.1016/j.bios.2021.113150
 Akkilic, N., Geschwindner, S., and Hook, F. (2020). Single-molecule biosensors: Recent advances and applications. Biosens. Bioelectron. 151, 111944. doi:10.1016/j.bios.2019.111944
 Alafeef, M., Moitra, P., Dighe, K., and Pan, D. (2021). RNA-extraction-free nano-amplified colorimetric test for point-of-care clinical diagnosis of COVID-19. Nat. Protoc. 16, 3141–3162. doi:10.1038/s41596-021-00546-w
 Aoki, H., Corn, R. M., and Matthews, B. (2019). MicroRNA detection on microsensor arrays by SPR imaging measurements with enzymatic signal enhancement. Biosens. Bioelectron. 142, 111565. doi:10.1016/j.bios.2019.111565
 Asadishad, T., Sohrabi, F., Hakimi, M., Ghazimoradi, M. H., Mahinroosta, T., Hamidi, S. M., et al. (2021). Effect of methadone and tramadol opioids on stem cells based on integrated plasmonic-ellipsometry technique. J. Lasers Med. Sci. 12, e46. doi:10.34172/jlms.2021.46
 Azzouz, A., Hejji, L., Kim, K. H., Kukkar, D., Souhail, B., Bhardwaj, N., et al. (2022). Advances in surface plasmon resonance-based biosensor technologies for cancer biomarker detection. Biosens. Bioelectron. 197, 113767. doi:10.1016/j.bios.2021.113767
 Balderas-Valadez, R. F., Estevez-Espinoza, J. O., Salazar-Kuri, U., Pacholski, C., Mochan, W. L., and Agarwal, V. (2018). Fabrication of ordered tubular porous silicon structures by colloidal lithography and metal assisted chemical etching: SERS performance of 2D porous silicon structures. Appl. Surf. Sci. 462, 783–790. doi:10.1016/j.apsusc.2018.08.120
 Bellassai, N., D'Agata, R., Jungbluth, V., and Spoto, G. (2019). Surface plasmon resonance for biomarker detection: Advances in non-invasive cancer diagnosis. Front. Chem. 7, 570. doi:10.3389/fchem.2019.00570
 Borghei, Y. S., and Hosseini, M. (2019). A new eye dual-readout method for MiRNA detection based on dissolution of gold nanoparticles via LSPR by CdTe QDs photoinduction. Sci. Rep. 9, 5453. doi:10.1038/s41598-019-41898-4
 Bousiakou, L. G., Gebavi, H., Mikac, L., Karapetis, S., and Ivanda, M. (2020). Surface enhanced Raman spectroscopy for molecular identification-a review on surface plasmon resonance (SPR) and localised surface plasmon resonance (LSPR) in optical nanobiosensing. Croat. Chem. acta 92, 479–494. doi:10.5562/cca3558
 Brettin, A., Abolmaali, F., Blanchette, K. F., Mcginnis, C. L., Nesmelov, Y. E., Limberopoulos, N. I., et al. (2019). Enhancement of resolution in microspherical nanoscopy by coupling of fluorescent objects to plasmonic metasurfaces. Appl. Phys. Lett. 114, 131101. doi:10.1063/1.5066080
 Cathcart, N., and Chen, J. I. L. (2020). Sensing biomarkers with plasmonics. Anal. Chem. 92, 7373–7381. doi:10.1021/acs.analchem.0c00711
 Cetin, A. E., Iyidogan, P., Hayashi, Y., Wallen, M., Vijayan, K., Tu, E., et al. (2018). Plasmonic sensor could enable label-free DNA sequencing. ACS Sens. 3, 561–568. doi:10.1021/acssensors.7b00957
 Chauhan, M., and Kumar Singh, V. (2021). Review on recent experimental SPR/LSPR based fiber optic analyte sensors. Opt. Fiber Technol. 64, 102580. doi:10.1016/j.yofte.2021.102580
 Chen, J. S., Ma, E., Harrington, L. B., Da Costa, M., Tian, X., Palefsky, J. M., et al. (2018). CRISPR-Cas12a target binding unleashes indiscriminate single-stranded DNase activity. Science 360, 436–439. doi:10.1126/science.aar6245
 Chen, Q., Hu, Q., Dukhovlinova, E., Chen, G., Ahn, S., Wang, C., et al. (2019). Photothermal therapy promotes tumor infiltration and antitumor activity of CAR T cells. Adv. Mater 31, 1900192. doi:10.1002/adma.201900192
 Chen, Z., Li, J., Li, T., Fan, T., Meng, C., Li, C., et al. (2022). A CRISPR/Cas12a-empowered surface plasmon resonance platform for rapid and specific diagnosis of the Omicron variant of SARS-CoV-2. Natl. Sci. Rev. 9, nwac104. doi:10.1093/nsr/nwac104
 Constantinou, M., Hadjigeorgiou, K., Abalde-Cela, S., and Andreou, C. (2022). Label-free sensing with metal nanostructure-based surface-enhanced Raman spectroscopy for cancer diagnosis. ACS Appl. Nano Mater 5, 12276–12299. doi:10.1021/acsanm.2c02392
 D'Agata, R., and Spoto, G. (2019). Advanced methods for microRNA biosensing: A problem-solving perspective. Anal. Bioanal. Chem. 411, 4425–4444. doi:10.1007/s00216-019-01621-8
 Da Costa, E. S. C. S., Cury, N. M., Brotto, D. B., De Araujo, L. F., Rosa, R. C. A., Texeira, L. A., et al. (2020). Germline variants in DNA repair genes associated with hereditary breast and ovarian cancer syndrome: Analysis of a 21 gene panel in the Brazilian population. BMC Med. Genomics 13, 21. doi:10.1186/s12920-019-0652-y
 Denny, J. C., and Collins, F. S. (2021). Precision medicine in 2030-seven ways to transform healthcare. Cell. 184, 1415–1419. doi:10.1016/j.cell.2021.01.015
 Ekiz Kanik, F., Celebi, I., Sevenler, D., Tanriverdi, K., Lortlar Ünlü, N., Freedman, J. E., et al. (2022). Attomolar sensitivity microRNA detection using real-time digital microarrays. Sci. Rep. 12, 16220. doi:10.1038/s41598-022-19912-z
 Fai, T., and Kumar, P. (2021). Revolution in the synthesis, physio-chemical and biological characterization of gold nanoplatform. Curr. Pharm. Des. 27, 2482–2504. doi:10.2174/1381612827666210127121347
 Fischer, I., Rubenstein, D. I., and Levin, S. A. (2022). Vaccination-hesitancy and global warming: Distinct social challenges with similar behavioural solutions. R. Soc. Open Sci. 9, 211515. doi:10.1098/rsos.211515
 Funari, R., Chu, K. Y., and Shen, A. Q. (2020). Detection of antibodies against SARS-CoV-2 spike protein by gold nanospikes in an opto-microfluidic chip. Biosens. Bioelectron. 169, 112578. doi:10.1016/j.bios.2020.112578
 Garcia-Lojo, D., Gomez-Grana, S., Martin, V. F., Solis, D. M., Taboada, J. M., Perez-Juste, J., et al. (2020). Integrating plasmonic supercrystals in microfluidics for ultrasensitive, label-free, and selective surface-enhanced Raman spectroscopy detection. ACS Appl. Mater Interfaces 12, 46557–46564. doi:10.1021/acsami.0c13940
 Garoli, D., Yamazaki, H., Maccaferri, N., and Wanunu, M. (2019). Plasmonic nanopores for single-molecule detection and manipulation: Toward sequencing applications. Nano Lett. 19, 7553–7562. doi:10.1021/acs.nanolett.9b02759
 Gong, T., Kong, K. V., Goh, D., Olivo, M., and Yong, K. T. (2015). Sensitive surface enhanced Raman scattering multiplexed detection of matrix metalloproteinase 2 and 7 cancer markers. Biomed. Opt. Express 6, 2076–2087. doi:10.1364/boe.6.002076
 Hinkov, B., Pilat, F., Lux, L., Souza, P. L., David, M., Schwaighofer, A., et al. (2022). A mid-infrared lab-on-a-chip for dynamic reaction monitoring. Nat. Commun. 13, 4753. doi:10.1038/s41467-022-32417-7
 Hollstein, M., Alexandrov, L. B., Wild, C. P., Ardin, M., and Zavadil, J. (2017). Base changes in tumour DNA have the power to reveal the causes and evolution of cancer. Oncogene 36, 158–167. doi:10.1038/onc.2016.192
 Huang, L., Ding, L., Zhou, J., Chen, S., Chen, F., Zhao, C., et al. (2021). One-step rapid quantification of SARS-CoV-2 virus particles via low-cost nanoplasmonic sensors in generic microplate reader and point-of-care device. Biosens. Bioelectron. 171, 112685. doi:10.1016/j.bios.2020.112685
 Jackman, J. A., Rahim Ferhan, A., and Cho, N. J. (2017). Nanoplasmonic sensors for biointerfacial science. Chem. Soc. Rev. 46, 3615–3660. doi:10.1039/c6cs00494f
 Kappel, A., and Keller, A. (2017). miRNA assays in the clinical laboratory: Workflow, detection technologies and automation aspects. Clin. Chem. Lab. Med. 55, 636–647. doi:10.1515/cclm-2016-0467
 Koch, A., Joosten, S. C., Feng, Z., De Ruijter, T. C., Draht, M. X., Melotte, V., et al. (2018). Analysis of DNA methylation in cancer: Location revisited. Nat. Rev. Clin. Oncol. 15, 459–466. doi:10.1038/s41571-018-0004-4
 Kumar, S., Guo, Z., Singh, R., Wang, Q., Zhang, B., Cheng, S., et al. (2021). MoS2 functionalized multicore fiber probes for selective detection of Shigella bacteria based on localized plasmon. J. Light. Technol. 39, 4069–4081. doi:10.1109/jlt.2020.3036610
 Kurt, H., Pishva, P., Pehlivan, Z. S., Arsoy, E. G., Saleem, Q., Bayazit, M. K., et al. (2021). Nanoplasmonic biosensors: Theory, structure, design, and review of recent applications. Anal. Chim. Acta 1185, 338842. doi:10.1016/j.aca.2021.338842
 Langer, J., Aberasturi, D. J. D., Aizpurua, J., Alvarez-Puebla, R. A., Liz-MarzáN, L. M., Baumberg, J. J., et al. (2020). Present and future of surface enhanced Raman scattering. ACS Nano 14, 28–117. doi:10.1021/acsnano.9b04224
 Lee, D., Park, D., Kim, I., Lee, S. W., Lee, W., Hwang, K. S., et al. (2021). Plasmonic nanoparticle amyloid corona for screening Aβ oligomeric aggregate-degrading drugs. Nat. Commun. 12, 639. doi:10.1038/s41467-020-20611-4
 Lewis, D. (2020). Is the coronavirus airborne? Experts can't agree. Nature 580, 175. doi:10.1038/d41586-020-00974-w
 Li, G. N., Zhao, X. J., Wang, Z., Luo, M. S., Shi, S. N., Yan, D. M., et al. (2022). Elaiophylin triggers paraptosis and preferentially kills ovarian cancer drug-resistant cells by inducing MAPK hyperactivation. Signal Transduct. Target Ther. 7, 317. doi:10.1038/s41392-022-01131-7
 Li, X., Yin, C., Wu, Y., Zhang, Z., Jiang, D., Xiao, D., et al. (2020). Plasmonic nanoplatform for point-of-care testing trace HCV core protein. Biosens. Bioelectron. 147, 111488. doi:10.1016/j.bios.2019.111488
 Li, Y., Mansour, H., Wang, T., Poojari, S., and Li, F. (2019). Naked-eye detection of grapevine red-blotch viral infection using a plasmonic CRISPR Cas12a assay. Anal. Chem. 91, 11510–11513. doi:10.1021/acs.analchem.9b03545
 Li, Y., Yan, Y., Lei, Y., Zhao, D., Yuan, T., Zhang, D., et al. (2014). Surface plasmon resonance biosensor for label-free and highly sensitive detection of point mutation using polymerization extension reaction. Colloids Surf. B Biointerfaces 120, 15–20. doi:10.1016/j.colsurfb.2014.04.007
 Liao, Z., Wang, J., Zhang, P., Zhang, Y., Miao, Y., Gao, S., et al. (2018). Recent advances in microfluidic chip integrated electronic biosensors for multiplexed detection. Biosens. Bioelectron. 121, 272–280. doi:10.1016/j.bios.2018.08.061
 Lin, D., Hsieh, C. L., Hsu, K. C., Liao, P. H., Qiu, S., Gong, T., et al. (2021a). Geometrically encoded SERS nanobarcodes for the logical detection of nasopharyngeal carcinoma-related progression biomarkers. Nat. Commun. 12, 3430. doi:10.1038/s41467-021-23789-3
 Lin, L., Bi, X., Gu, Y., Wang, F., and Ye, J. (2021b). Surface-enhanced Raman scattering nanotags for bioimaging. J. Appl. Phys. 129, 191101. doi:10.1063/5.0047578
 Liu, T., Hsiung, J., Zhao, S., Kost, J., Sreedhar, D., Hanson, C. V., et al. (2020a). Quantification of antibody avidities and accurate detection of SARS-CoV-2 antibodies in serum and saliva on plasmonic substrates. Nat. Biomed. Eng. 4, 1188–1196. doi:10.1038/s41551-020-00642-4
 Liu, Y., Lyu, N., Rajendran, V. K., Piper, J., Rodger, A., and Wang, Y. (2020b). Sensitive and direct DNA mutation detection by surface-enhanced Raman spectroscopy using rational designed and tunable plasmonic nanostructures. Anal. Chem. 92, 5708–5716. doi:10.1021/acs.analchem.9b04183
 Lu, X., Hu, C., Jia, D., Fan, W., Ren, W., and Liu, C. (2021). Amplification-free and mix-and-read analysis of multiplexed MicroRNAs on a single plasmonic microbead. Nano Lett. 21, 6718–6724. doi:10.1021/acs.nanolett.1c02473
 Luan, J., Seth, A., Gupta, R., Wang, Z., Rathi, P., Cao, S., et al. (2020). Ultrabright fluorescent nanoscale labels for the femtomolar detection of analytes with standard bioassays. Nat. Biomed. Eng. 4, 518–530. doi:10.1038/s41551-020-0547-4
 Luo, C., Hajkova, P., and Ecker, J. R. (2018). Dynamic DNA methylation: In the right place at the right time. Science 361, 1336–1340. doi:10.1126/science.aat6806
 Ma, X., and Sim, S. J. (2020). Single plasmonic nanostructures for biomedical diagnosis. J. Mater Chem. B 8, 6197–6216. doi:10.1039/d0tb00351d
 Ma, X., Song, S., Kim, S., Kwon, M. S., Lee, H., Park, W., et al. (2019). Single gold-bridged nanoprobes for identification of single point DNA mutations. Nat. Commun. 10, 836. doi:10.1038/s41467-019-08769-y
 Ma, X., Truong, P. L., Anh, N. H., and Sim, S. J. (2015). Single gold nanoplasmonic sensor for clinical cancer diagnosis based on specific interaction between nucleic acids and protein. Biosens. Bioelectron. 67, 59–65. doi:10.1016/j.bios.2014.06.038
 Masterson, A. N., Hati, S., Ren, G., Liyanage, T., Manicke, N. E., Goodpaster, J. V., et al. (2021). Enhancing nonfouling and sensitivity of surface-enhanced Raman scattering substrates for potent drug analysis in blood plasma via fabrication of a flexible plasmonic patch. Anal. Chem. 93, 2578–2588. doi:10.1021/acs.analchem.0c04643
 Minopoli, A., Della Ventura, B., Lenyk, B., Gentile, F., Tanner, J. A., OffenhäUSSER, A., et al. (2020). Ultrasensitive antibody-aptamer plasmonic biosensor for malaria biomarker detection in whole blood. Nat. Commun. 11, 6134. doi:10.1038/s41467-020-19755-0
 Mitchell, M. J., Billingsley, M. M., Haley, R. M., Wechsler, M. E., Peppas, N. A., and Langer, R. (2021). Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug Discov. 20, 101–124. doi:10.1038/s41573-020-0090-8
 Mitragotri, S., Lammers, T., Bae, Y. H., Schwendeman, S., De Smedt, S., Leroux, J. C., et al. (2017). Drug delivery research for the future: Expanding the nano horizons and beyond. J. Control Release 246, 183–184. doi:10.1016/j.jconrel.2017.01.011
 Moitra, P., Chaichi, A., Abid Hasan, S. M., Dighe, K., Alafeef, M., Prasad, A., et al. (2022). Probing the mutation independent interaction of DNA probes with SARS-CoV-2 variants through a combination of surface-enhanced Raman scattering and machine learning. Biosens. Bioelectron. 208, 114200. doi:10.1016/j.bios.2022.114200
 Moothanchery, M., Perumal, J., Mahyuddin, A. P., Singh, G., Choolani, M., and Olivo, M. (2022). Rapid and sensitive detection of ovarian cancer biomarker using a portable single peak Raman detection method. Sci. Rep. 12, 12459. doi:10.1038/s41598-022-13859-x
 Navas, M. P., and Soni, R. K. (2015). Laser-generated bimetallic Ag-Au and Ag-Cu core-shell nanoparticles for refractive index sensing. Plasmonics 10, 681–690. doi:10.1007/s11468-014-9854-5
 Ouyang, Y., Chen, Y., Shang, J., Sun, S., Wang, X., Huan, S., et al. (2023). Virus-like plasmonic nanoprobes for quick analysis of antiviral efficacy and mutation-induced drug resistance. Anal. Chem. 95, 5009–5017. doi:10.1021/acs.analchem.2c05464
 Park, H., Ma, G. J., Yoon, B. K., Cho, N. J., and Jackman, J. A. (2021). Comparing protein adsorption onto alumina and silica nanomaterial surfaces: Clues for vaccine adjuvant development. Langmuir 37, 1306–1314. doi:10.1021/acs.langmuir.0c03396
 Poudineh, M., Aldridge, P. M., Ahmed, S., Green, B. J., Kermanshah, L., Nguyen, V., et al. (2017). Tracking the dynamics of circulating tumour cell phenotypes using nanoparticle-mediated magnetic ranking. Nat. Nanotechnol. 12, 274–281. doi:10.1038/nnano.2016.239
 Prather, K. A., Wang, C. C., and Schooley, R. T. (2020). Reducing transmission of SARS-CoV-2. Science 368, 1422–1424. doi:10.1126/science.abc6197
 Qiu, G., Gai, Z., Tao, Y., Schmitt, J., Kullak-Ublick, G. A., and Wang, J. (2020). Dual-functional plasmonic photothermal biosensors for highly accurate severe acute respiratory syndrome coronavirus 2 detection. ACS Nano 14, 5268–5277. doi:10.1021/acsnano.0c02439
 Qiu, Y., Zhang, Y., Li, M., Chen, G., Fan, C., Cui, K., et al. (2018). Intraoperative detection and eradication of residual microtumors with gap-enhanced Raman tags. ACS Nano 12, 7974–7985. doi:10.1021/acsnano.8b02681
 Schmitz, R., Wright, G. W., Huang, D. W., Johnson, C. A., Phelan, J. D., Wang, J. Q., et al. (2018). Genetics and pathogenesis of diffuse large B-cell lymphoma. N. Engl. J. Med. 378, 1396–1407. doi:10.1056/nejmoa1801445
 Sharifi, M., Attar, F., Saboury, A. A., Akhtari, K., Hooshmand, N., Hasan, A., et al. (2019). Plasmonic gold nanoparticles: Optical manipulation, imaging, drug delivery and therapy. J. Control Release 311-312, 170–189. doi:10.1016/j.jconrel.2019.08.032
 Shen, S., Huang, Y., Sun, Y., and Zhang, W. (2021). Catechol-driven self-assembly to fabricate highly ordered and SERS-active glycoadjuvant patterns. J. Mater Chem. B 9, 5039–5042. doi:10.1039/d1tb00833a
 Shin, H., Choi, B. H., Shim, O., Kim, J., Park, Y., Cho, S. K., et al. (2023). Single test-based diagnosis of multiple cancer types using Exosome-SERS-AI for early stage cancers. Nat. Commun. 14, 1644. doi:10.1038/s41467-023-37403-1
 Son, T., Lee, D., Lee, C., Moon, G., Ha, G. E., Lee, H., et al. (2019). Superlocalized three-dimensional live imaging of mitochondrial dynamics in neurons using plasmonic nanohole arrays. ACS Nano 13, 3063–3074. doi:10.1021/acsnano.8b08178
 Su, Y., Peng, T., Xing, F., Li, D., and Fan, C. (2017). Nanoplasmonic biological sensing and imaging. Acta Chim. Sin. -Chinese Edition- 75, 1036. doi:10.6023/a17060289
 Tao, W., Cheng, X., Sun, D., Guo, Y., Wang, N., Ruan, J., et al. (2022). Synthesis of multi-branched Au nanocomposites with distinct plasmon resonance in NIR-II window and controlled CRISPR-Cas9 delivery for synergistic gene-photothermal therapy. Biomaterials 287, 121621. doi:10.1016/j.biomaterials.2022.121621
 Toledo, G. G., Toledo, V. H., Lanfredi, A. J. C., Escote, M., Champi, A., Silva, M., et al. (2020). Promising nanostructured materials against enveloped virus. Acad Bras Cienc 92, 20200718. doi:10.1590/0001-3765202020200718
 Tomitaka, A., Arami, H., Ahmadivand, A., Pala, N., Mcgoron, A. J., Takemura, Y., et al. (2020). Magneto-plasmonic nanostars for image-guided and NIR-triggered drug delivery. Sci. Rep. 10, 10115. doi:10.1038/s41598-020-66706-2
 Tua, D., Liu, R., Yang, W., Zhou, L., Song, H., Ying, L., et al. (2023). Imaging-based intelligent spectrometer on a plasmonic rainbow chip. Nat. Commun. 14, 1902. doi:10.1038/s41467-023-37628-0
 Ulucan-Karnak, F. (2021). Nanotechnology-based antimicrobial and antiviral surface coating strategies. Prosthesis 3, 25–52. doi:10.3390/prosthesis3010005
 Versiani, A. F., Martins, E. M. N., Andrade, L. M., Cox, L., Pereira, G. C., Barbosa-Stancioli, E. F., et al. (2020). Nanosensors based on LSPR are able to serologically differentiate dengue from Zika infections. Sci. Rep. 10, 11302. doi:10.1038/s41598-020-68357-9
 Wang, Y., Liu, X. L., Zhang, Q. Z., Wang, C., Huang, S. Y., Liu, Y. N., et al. (2023). Stable, cost-effective TiN-based plasmonic nanocomposites with over 99% solar steam generation efficiency. Adv. Funct. Mater. 33, 12301. doi:10.1002/adfm.202212301
 Wang, Y., Zhao, J., Zhu, Y., Dong, S., Liu, Y., Sun, Y., et al. (2021). Monolithic integration of nanorod arrays on microfluidic chips for fast and sensitive one-step immunoassays. Microsyst. Nanoeng. 7, 65. doi:10.1038/s41378-021-00291-w
 Whitesides, G. M. (2006). The origins and the future of microfluidics. Nature 442, 368–373. doi:10.1038/nature05058
 Wilson, R., Espinosa-Diez, C., Kanner, N., Chatterjee, N., Ruhl, R., Hipfinger, C., et al. (2016). MicroRNA regulation of endothelial TREX1 reprograms the tumour microenvironment. Nat. Commun. 7, 13597. doi:10.1038/ncomms13597
 Wong, C. L., Loke, S. Y., Lim, H. Q., Balasundaram, G., Chan, P., Chong, B. K., et al. (2021). Circulating microRNA breast cancer biomarker detection in patient sera with surface plasmon resonance imaging biosensor. J. Biophot. 14, 202100153. doi:10.1002/jbio.202100153
 Woo, A., Jung, H. S., Kim, D. H., Park, S. G., and Lee, M. Y. (2021). Rapid and sensitive multiplex molecular diagnosis of respiratory pathogens using plasmonic isothermal RPA array chip. Biosens. Bioelectron. 182, 113167. doi:10.1016/j.bios.2021.113167
 Xiao, J., Wang, J., Luo, Y., Xu, T., and Zhang, X. (2023). Wearable plasmonic sweat biosensor for acetaminophen drug monitoring. ACS Sens. 8, 1766–1773. doi:10.1021/acssensors.3c00063
 Yakoubi, A., and Dhafer, C. E. B. (2023). Advanced plasmonic nanoparticle-based techniques for the prevention, detection, and treatment of current COVID-19. Plasmonics 18, 311–347. doi:10.1007/s11468-022-01754-0
 Ye, H., Nowak, C., Liu, Y., Li, Y., Zhang, T., Bleris, L., et al. (2022). Plasmonic LAMP: Improving the detection specificity and sensitivity for SARS-CoV-2 by plasmonic sensing of isothermally amplified nucleic acids. Small 18, 2107832. doi:10.1002/smll.202107832
 Yewdell, J. W. (2021). Antigenic drift: Understanding COVID-19. Immunity 54, 2681–2687. doi:10.1016/j.immuni.2021.11.016
 Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K. S., Essletzbichler, P., et al. (2015). Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell. 163, 759–771. doi:10.1016/j.cell.2015.09.038
 Zhang, C., Belwal, T., Luo, Z., Su, B., and Lin, X. (2022). Application of nanomaterials in isothermal nucleic acid amplification. Small 18, 2102711. doi:10.1002/smll.202102711
 Zhang, X., Zhang, H., Yan, S., Zeng, Z., Huang, A., Liu, A., et al. (2019). Organic molecule detection based on SERS in microfluidics. Sci. Rep. 9, 17634. doi:10.1038/s41598-019-53478-7
 Zhao, Y., Chen, F., Li, Q., Wang, L., and Fan, C. (2015). Isothermal amplification of nucleic acids. Chem. Rev. 115, 12491–12545. doi:10.1021/acs.chemrev.5b00428
 Zhong, H., Zhu, Z., You, P., Lin, J., Cheung, C. F., Lu, V. L., et al. (2020). Plasmonic and superhydrophobic self-decontaminating N95 respirators. ACS Nano 14, 8846–8854. doi:10.1021/acsnano.0c03504
 Zhou, J., Zeng, Y., Wang, X., Wu, C., Shao, Y., Gao, B. Z., et al. (2019). The capture of antibodies by antibody-binding proteins for ABO blood typing using SPR imaging-based sensing technology. Sensors Actuators B Chem. 304, 127391. doi:10.1016/j.snb.2019.127391
 Zhou, M., Wang, H., Li, C., Yan, C., Qin, P., and Huang, L. (2022). CRISPR/Cas9 mediated triple signal amplification platform for high selective and sensitive detection of single base mutations. Anal. Chim. Acta 1230, 340421. doi:10.1016/j.aca.2022.340421
Conflict of interest: ZZ and XM provide technical support to Biosen International.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Xiao, Zhang, Yin and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-11-1209744-g005.gif





OPS/images/fchem-11-1209744-g003.gif





OPS/images/fchem-11-1209744-g004.gif
My

of Bhggrs [ Q2
a
ww ; o

]
|

Bl
B





OPS/xhtml/nav.xhtml
Contents

		Cover

		Nanoplasmonic biosensors for precision medicine		1 Introduction

		2 Nanoplasmonic sensing		2.1 Localized surface plasmon resonance

		2.2 Types of LSPR-based sensors





		3 Integration of nanoplasmonic with other methods		3.1 Isothermal amplification

		3.2 CRISPR/Cas system

		3.3 ELISA

		3.4 Lab on a chip





		4 Applications in precision medicine		4.1 DNA mutation

		4.2 Cancer biomarker diagnosis

		4.3 Virus detection

		4.4 Evaluation of vaccine effectiveness

		4.5 Drug delivery

		4.6 Molecular imaging





		5 Outlook and conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-11-1209744-g001.gif





OPS/images/fchem-11-1209744-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





