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Abstract

:

This review summarizes recent advances in leveraging localized surface plasmon resonance (LSPR) nanotechnology for sensitive cancer biomarker detection. LSPR arising from noble metal nanoparticles under light excitation enables the enhancement of various optical techniques, including surface-enhanced Raman spectroscopy (SERS), dark-field microscopy (DFM), photothermal imaging, and photoacoustic imaging. Nanoparticle engineering strategies are discussed to optimize LSPR for maximum signal amplification. SERS utilizes electromagnetic enhancement from plasmonic nanostructures to boost inherently weak Raman signals, enabling single-molecule sensitivity for detecting proteins, nucleic acids, and exosomes. DFM visualizes LSPR nanoparticles based on scattered light color, allowing for the ultrasensitive detection of cancer cells, microRNAs, and proteins. Photothermal imaging employs LSPR nanoparticles as contrast agents that convert light to heat, producing thermal images that highlight cancerous tissues. Photoacoustic imaging detects ultrasonic waves generated by LSPR nanoparticle photothermal expansion for deep-tissue imaging. The multiplexing capabilities of LSPR techniques and integration with microfluidics and point-of-care devices are reviewed. Remaining challenges, such as toxicity, standardization, and clinical sample analysis, are examined. Overall, LSPR nanotechnology shows tremendous potential for advancing cancer screening, diagnosis, and treatment monitoring through the integration of nanoparticle engineering, optical techniques, and microscale device platforms.
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1. Introduction


Cancer remains one of the leading causes of death worldwide, accounting for nearly 10 million deaths in 2020 alone [1]. While survival rates have improved for certain cancer types with advances in treatment options, the early detection of cancer is still key for better prognosis and positive outcomes for patients [2]. The current clinical methods for cancer screening and diagnosis include imaging techniques such as magnetic resonance imaging (MRI), computed tomography (CT), and positron emission tomography (PET), as well as histopathology from tumor biopsies [3,4,5,6]. However, these conventional approaches lack adequate sensitivity and specificity, especially for detecting early-stage tumors and metastases. There is a critical need for new technologies that can detect cancer biomarkers with high precision and at ultra-low concentrations that are reflective of early disease.



The emerging field of nanotechnology offers exciting new possibilities for meeting this urgent need. Nanomaterials, with at least one dimension in the 1–100 nm range, have unique optical, electrical, and biological properties [7,8,9,10,11,12]. In particular, noble metal nanoparticles made from Au and Ag exhibit a phenomenon known as LSPR [13,14,15,16,17,18]. When the conduction electrons on the nanoparticle surface oscillate in resonance with visible or near-infrared light, they create strong electromagnetic fields that are confined or localized at the nanoparticle–dielectric interface [19,20,21,22]. The LSPR wavelength depends on factors such as nanoparticle composition, size, shape, and local dielectric environment [23,24]. By tuning these parameters, the optical absorption and scattering profiles of the nanoparticles can be precisely engineered. The light–matter interactions possible at the nanoscale through LSPR provide a powerful platform for developing ultrasensitive techniques to detect cancer biomarkers [25,26,27,28].



Some of the prominent LSPR-enhanced optical techniques that are revolutionizing cancer diagnostics include SERS [29], SPR [30], DFM [31], photothermal imaging [32], and photoacoustic imaging [33]. SERS utilizes electromagnetic enhancement from plasmonic nanostructures to boost the inherently weak Raman scattering signal of molecules, enabling single-molecule sensitivity. The molecular fingerprints provided by SERS allow for the multiplexed detection of protein, nucleic acid, and exosome biomarkers [34]. SPR detects changes in the refractive index near noble metal nanoparticle surfaces, which offers a label-free approach for detecting cancer biomarker binding events [35]. Combining plasmonic nanoparticles with SPR sensing leads to significant signal amplification. DFM visualizes LSPR nanoparticles based on the color of scattered light. Assemblies of nanoparticles scatter strongly, enabling the ultrasensitive detection of cancer cells, microRNAs (miRNA), and proteins [36]. Photothermal imaging employs LSPR nanoparticles as contrast agents that convert incident light to heat, producing thermal images that highlight cancerous tissues [37]. Photoacoustic imaging also involves the laser excitation of nanoparticles but detects ultrasonic waves generated by rapid thermoelastic expansion to achieve deeper tissue penetration [38]. Multiplexing capabilities are enabled by tuning the LSPR peaks of nanoparticles to different wavelengths [39]. Lab-on-a-chip devices and paper-based biosensors incorporate LSPR nanoparticles for point-of-care cancer detection [40].



In this review, we comprehensively survey the latest developments and future potential of LSPR nanotechnology for sensitive and specific cancer biomarker detection. We elucidate the fundamental LSPR phenomenon and principles of the key optical techniques being leveraged. We highlight innovative designs of plasmonic nanoparticles, substrates, and sensors, along with their applications. Remaining challenges that need to be addressed are examined, such as potential toxicity, lack of standardization, and practical issues with real clinical samples. We also discuss prospects for continued advances in LSPR nanotechnology and its integration into point-of-care diagnostics.



The insights provided in this review will be valuable across a diverse range of disciplines. For nanotechnology researchers, this will inspire new directions in nanoparticle synthesis and surface functionalization to create improved LSPR-based diagnostic agents. Biomedical engineers can gain perspectives on integrating LSPR techniques into practical lab-on-a-chip and portable devices. For clinicians and healthcare professionals, this will shed light on the tremendous potential of LSPR nanotechnology for advancing cancer screening, diagnosis, and treatment monitoring. Various key parameters are utilized to evaluate the performance of biosensors, including sensitivity, limit of detection, linear range, quality factor, enhancement factor (EF), reproducibility, and response time. To aid the reader’s understanding of this important terminology that will be referred to throughout the review, we provide concise definitions along with typical calculation/measurement methods for each parameter in Table 1.



Overall, this comprehensive overview of the field will help catalyze transdisciplinary efforts to accelerate clinical translation and make the long-envisioned promise of nanotechnology a widespread reality for game-changing cancer diagnostics.




2. Definition and Explanation of LSPR Phenomenon in Noble Metal Nanoparticles


LSPR is a phenomenon that arises in conductive nanoparticles when excited by light at specific wavelengths. While LSPR was first observed and described in noble metal nanoparticles such as gold and silver, further research has revealed that LSPR can also occur in nanoparticles made from other materials with suitable negative permittivity, including non-noble metals (e.g., aluminum, copper), doped semiconductors, and conductive metal oxides. However, noble metal nanoparticles remain the most commonly utilized for LSPR-based sensing due to their strong LSPR response in the visible and near-infrared regions, narrow LSPR bandwidth enabling high sensitivity, chemical stability allowing for surface functionalization, and synthetic tunability [41]. When nanoparticles made from gold, silver, or other suitable metals are irradiated with visible or near-infrared light matching their LSPR frequency, resonant oscillations of the conduction band electrons confined to the nanoparticle surface are induced [41]. The resonant oscillations arise from the collective oscillations of the free electrons in the metal nanoparticle. The geometry and dielectric environment of the nanoparticle determine the resonant conditions for the excitation of LSPR. These resonant plasma oscillations generate intense electromagnetic fields that extend outward from the nanoparticle surface into the surrounding medium, decaying evanescently away from the interface. Generally, the penetration depth of the evanescent field is on the order of tens to hundreds of nanometers, providing an intense localized electromagnetic field that can interact with and enhance the signature of target biomarker molecules within this distance [42].



The resonant oscillation frequency, and hence LSPR wavelength, is dependent on the composition, size, shape, dielectric environment, and interparticle distance of the nanoparticles. By precisely engineering these parameters, the LSPR profile can be tuned to optimize nanoparticle interaction with light for boosting the inherently weak optical signals from biomarkers [43]. For example, the LSPR peak position of AuNPs red-shifts with increasing particle size for a given temperature (Figure 1). Bhatia and Verma [44] found that the absorption efficiency increases with particle size for all temperatures except for 50 nm nanoparticles at 700 K. They suggested that at higher temperatures, thermal oscillation can decrease the polarizability of nanoparticles, which would, in turn, decrease their absorption efficiency. Despite the decreased absorption efficiency at 700 K for 50 nm nanoparticles, their sensitivity as a refractive index sensor actually increases significantly at this temperature. The higher sensitivity is due to the larger shift in the LSPR peak position, with changes in the surrounding medium’s refractive index at elevated temperatures. Therefore, the 50 nm nanoparticles at 700 K, though exhibiting lower absorption, are actually more suitable for biosensing applications that require high refractive index sensitivity, while in the case of AgNPs, as the size of the AgNPs increases, there is a red-shift (shift to longer wavelengths) in the position of the LSPR peak. For example, as the size increased, the LSPR peak shifted from 390 nm to 460 nm. This demonstrates that larger AgNPs have LSPR peaks at longer wavelengths compared to smaller AgNPs [45]. The LSPR peaks of Au nanorods (AuNRs) can be widely tuned from the visible to near-infrared by changing the aspect ratio [46]. Au nanoshells, consisting of a dielectric core and ultrathin Au outer shell, have a highly red-shifted NIR LSPR that is determined mainly by the core/shell ratio [47].



The tunable LSPR offered by plasmonic noble metal nanoparticles makes them uniquely suited as contrast agents for cancer diagnostics based on various optical techniques [48]. Raman spectroscopy provides detailed molecular fingerprints based on inelastic light scattering, but its intrinsically low signal leads to poor sensitivity [49]. With SERS, the nanoparticles’ LSPR field enhances the Raman scattering to enable single-molecule detection [50]. For SPR and DFM, changes in the refractive index or light scattering around nanoparticles captured on sensor surfaces generate detectable optical signatures for binding events [51]. In photothermal and photoacoustic imaging, the nanoparticles’ efficient light-to-heat conversion or acoustic wave generation powered by LSPR gives high contrast [52].



Au and Ag are the predominantly used plasmonic materials for cancer diagnostics due to their stability and biocompatibility. Au is preferred for biomedical use because of the higher chemical stability. However, Ag exhibits a higher quality factor and stronger electromagnetic enhancement. Using bimetallic and core–shell nanoparticles that incorporate both Au and Ag is an effective approach to achieve both biocompatibility and optimal LSPR properties [53,54,55,56]. The core metal determines the dominant LSPR peak position, while the shell metal mainly enhances the intensity. Silica coating is often applied to noble metal nanoparticles to impart colloidal stability and allow surface bioconjugation while maintaining biocompatibility [57,58].



A key strategy to further enhance the sensitivity of LSPR techniques is to engineer assemblies of plasmonic nanoparticles with nanometer-scale gaps between particles. This enables electromagnetic “hot spots” where the LSPR fields couple and interact constructively, providing orders of magnitude signal enhancement over individual nanoparticles. For example, oligonucleotide or antibody linkers can attach AuNPs into assemblies with precise 2–10 nm gaps [59,60]. Lithographic fabrication methods can create arrays of nanoparticle pairs with tunable spacing on sensor chips [61,62]. DNA origami and molecular templating approaches guide the self-assembly of complex multi-nanoparticle clusters [63,64,65]. The coupled LSPR leads to SERS EF on the order of 108–1010 in these hot spots.



Another strategy is to fabricate hybrid nanoparticle structures combining noble metals with other functional materials. AuNPs or AgNPs adsorbed onto graphene oxide surfaces exhibit stronger SERS due to interactions between their LSPR fields [66,67]. Semi-conductor quantum dots coupled to Ag nanoparticles also show enhanced photoluminescence and SERS via plasmon–exciton interactions [68]. Local heating in AuNPs attached to thermo-responsive polymer capsules has been leveraged for controlled drug release [69,70]. These examples illustrate the broad potential of hybrid LSPR nanosystems for theranostics—simultaneous diagnostics and therapy.



A key emerging direction is the use of optically active metasurfaces constructed using LSPR nanoparticles instead of continuous metallic films. Metasurfaces with nanoparticle arrays exhibit resonance properties strongly dependent on lattice parameters and geometry. This enables greater control over actively tunable plasmonic effects, such as Fano resonances and optical chirality [71,72,73,74,75,76]. Chiral objects derive their optical activity from their asymmetric 3D structure. When light interacts with a chiral object, the left and right circularly polarized components of the light interact differently, resulting in the rotation of the plane of polarization. However, some non-chiral objects can also be optically active if they lack mirror symmetry in three dimensions. New sensing modalities can also be unlocked. For example, chiral plasmonic metasurfaces enable detecting cancer biomarker binding by monitoring changes in optical chirality using circular dichroism spectroscopy [77,78]. Wu et al. [79] demonstrated that pairs of AuNPs and AgNPs connected by biological bridges exhibit unexpected chirality, enabling ultrasensitive chiroplasmonic bioanalysis of prostate-specific antigen (PSA). They formed dimers consisting of one antibody-functionalized AuNP and one competitive antigen-modified AgNP. Surprisingly, these simple nanoparticle pairs showed intense circular dichroism signals, indicating chirality (Figure 2). This was unexpected since spherical nanoparticles cannot be chiral (the combination of spherical nanoparticles with chiral molecules might lead to the enhancement of the molecular CD signal [78]). Further analyses revealed that the chirality originated from the elongated, non-spherical shape of the individual nanoparticles. When assembled into dimers, the long nanoparticle axes aligned at a consistent 9° angle, forming a twisted, scissor-like geometry that breaks symmetry. Moreover, the sign of the chirality was consistent due to the specific conformation of the biological bridges. This simple yet robust nanoparticle system enabled sensitive detection of a toxin peptide and cancer biomarker at record low detection limits. They achieved one to two orders of magnitude improvement over other techniques by exploiting three chiroplasmonic effects: (1) the plasmonic enhancement of intrinsic biomolecule chirality, (2) strong optical coupling from the twisted nanoparticle geometry, and (3) signal amplification from the bisignate CD bands.



Theoretical modeling using finite-difference time-domain (FDTD) and finite element methods has been invaluable to guide the design of LSPR nanoparticles and assemblies. The simulation of the interactions between light and nanostructures provides insights into photonic confinement effects and near-field enhancement that are difficult to probe experimentally. This facilitates the rational optimization of factors such as nanoparticle shape, assembly geometry, spacer material, and linker orientation to strategically harness electromagnetic hot spots for maximizing detection sensitivity. For example, Nagarajan et al. [80] used 3D FDTD simulations to analyze the plasmonic properties and electric field enhancement of Ag@SiO2 core–shell trimers (Figure 3). Specifically, the authors looked at how the geometry and symmetry breaking of the core–shell trimers affected LSPR wavelength and electric field enhancement. They modeled trimers with different vertex angles, from an equilateral triangle (60°) to a linear chain (180°). The FDTD simulations showed that the highly symmetric equilateral triangle trimers exhibited degenerate or identical LSPR wavelengths for the two orthogonal polarizations studied. They also showed intense electric field hotspots in the junction region between the nanospheres. As the symmetry was broken by increasing the vertex angle, this degeneracy was lifted, and the LSPR wavelengths were split for the two polarizations. The electric field enhancement also changed, with the linear chain trimers demonstrating the highest enhancement, around four times greater than bare metal trimers. However, the linear chain structures were also much more sensitive to polarization direction. The LSPR red-shifted and blue-shifted for longitudinal and transverse polarization, respectively. In contrast, the symmetric equilateral trimers showed large, polarization-insensitive field enhancement. The authors explained that the LSPR shifts and electric field changes upon symmetry breaking using plasmon hybridization theory. This theory models the plasmon modes of complex nanostructures like the trimers as hybrids of the plasmon modes of individual nanoparticles.



LSPR is a versatile phenomenon unique to plasmonic nanostructures that can be leveraged for enabling and enhancing diverse optical techniques to push the frontiers of cancer biomarker detection. The combination of synthetic nanoparticle engineering and computational nano-photonics modeling has fueled tremendous advances in constructing ultrasensitive LSPR-based detection platforms. Ongoing research is focused on investigating new nanoparticle compositions, such as alternative plasmonic metals and alloys, unconventional geometries using top-down and bottom-up assembly, and hybrid metasurfaces with tailored resonances. These efforts promise to open up even greater opportunities and capabilities in LSPR nanotechnology for early cancer diagnosis, treatment monitoring, and precision medicine.




3. Surface-Enhanced Raman Spectroscopy (SERS)


3.1. Concepts of SERS


SERS has emerged as a powerful technique for the sensitive and multiplexed detection of cancer biomarkers by harnessing the strong electromagnetic field enhancement provided by the LSPR of noble metal nanostructures. SERS overcomes the main limitation of conventional Raman spectroscopy, which is the extremely weak Raman scattering signal, to enable detection down to single-molecule sensitivity. The rich molecular vibrational information offered by Raman spectra allows for the highly specific identification of target biomarkers. Moreover, SERS offers key advantages, including narrow spectral bands, multiplexing capabilities, and no photobleaching issues compared to fluorescence techniques [81].



The EF provided by SERS substrates can be as high as 108–1011 using rationally designed plasmonic nanostructures, allowing for the detection of biomolecules at ultra-low concentrations [82]. There are two mechanisms responsible for the enhancement—electromagnetic (EM) enhancement and chemical (CM) enhancement [83]. EM enhancement is mediated by the strong localized electric fields generated at the nanoparticle surface upon excitation of LSPR. CM enhancement arises from charge transfer between the nanoparticle and adsorbed molecule. Though weaker, CM enhances the polarizability of the molecule to further boost the Raman signal [84]. The EM enhancement mechanism contributes the majority of the overall SERS EF. Optimized nanostructures can maximize this EM enhancement, which acts as the primary “amplification” that allows SERS to detect extremely low concentrations of molecules. The CM enhancement mechanism provides a smaller but still significant contribution to the overall EF through charge transfer and interactions between molecules and nanoparticles.




3.2. Direct and Indirect Detection of Cancer Biomarkers Using SERS


There are two main approaches to detecting cancer biomarkers using SERS—direct and indirect detection. Direct detection involves analyzing the intrinsic SERS spectral signatures of biomarker proteins adsorbed onto plasmonic nanoparticles or nanostructured surfaces [85]. For example, Wang et al. [85] developed a SERS-based approach called plasmonic coupling interference (PCI) to detect cancer-related miRNA biomarkers without the need for extrinsic labels. The PCI method works by assembling silver nanoparticles functionalized with DNA probes into three-dimensional networks, with Raman reporter molecules incorporated between adjacent nanoparticles. When the nanoparticles are in close proximity, plasmonic coupling greatly amplifies the Raman signals of the reporter molecules. The addition of target miRNA biomolecules inhibits network formation by binding to the DNA probes, thereby reducing Raman amplification (Figure 4). The researchers demonstrated multiplex detection of four important miRNA biomarkers linked to cancer—miR-149, miR-125b, let-7a, and miR-21. For each target, they designed complementary DNA probes to assemble nanoparticle networks. In the presence of target miRNA, the SERS signal decreased in a concentration-dependent manner with detection limits in the low nanomolar range. Control experiments with non-complementary miRNAs showed excellent specificity. Further theoretical analysis revealed that nanoparticle dimerization with a Raman label in between can enhance Raman signals over 1000-fold compared to isolated nanoparticles. This label-free approach provides detailed molecular structural information but is only applicable to certain proteins with high affinities for the SERS substrate. For example, Lu et al. [86] developed a label-free SERS method for the sensitive detection of nucleoside diphosphate kinase. He et al. [87] recently reported a detection of kinase A suing a label-free SERS platform. It also requires extensive purification, which limits practicality.



The indirect approach uses SERS nanotags labeled with Raman reporter dyes and functionalized with recognition elements such as antibodies to specifically bind biomarkers. For example, Bedemo et al. [88] developed a highly sensitive and reliable Au nanoflower (AuNF)-based SERS detection method for the pancreatic cancer biomarker MUC4. The authors used an indirect sandwich immunoassay approach, where the analyte MUC4 is captured on a surface and then detected using a SERS-active nanotag label (Figure 5). Specifically, they designed a uniform SERS-active substrate by immobilizing AuNFs on a thiol-functionalized silicon wafer to serve as the capture surface. The AuNFs were optimized for maximum SERS enhancement. The capture antibodies were then immobilized to capture MUC4. For detection, they designed a SERS-active nanotag extrinsic Raman label (ERL) by conjugating Raman reporter molecules and detection antibodies onto AuNFs. In the assay, different concentrations of MUC4 samples were incubated on the capture surface, allowing the MUC4 to be captured by the surface antibodies. The ERLs were then added, which bind to the captured MUC4. The key finding was that this approach could detect MUC4 at an ultralow concentration down to 0.1 ng/mL. The indirect detection of MUC4 using the ERL, rather than directly detecting the MUC4 itself, was critical for achieving high sensitivity. The SERS enhancement provided by the AuNF nanotags greatly boosted the Raman signal of the reporter compared to directly detecting the inherently weak Raman signal of MUC4. Using AuNFs for both the capture substrate and ERL enabled strong SERS enhancement in both stages. In another example, Verdin et al. [89] demonstrated a multiplex micro-SERS imaging technique using functionalized Au–Ag core–shell nanoparticles to evaluate the expression of two important cancer biomarkers—folate receptors (FR) and sialic acid (SA)—in both cancer cells and tissues. The authors developed two types of SERS nanoprobes, each targeting either FR or SA, by coating the nanoparticles with Raman reporter molecules and a polymer layer of poly(allylamine). The polymer layer served to stabilize the Raman signal and enable functionalization with small targeting molecules—folic acid for FR and 4-carboxyphenylboronic acid for SA. These inexpensive targeting molecules provided specificity toward the cancer biomarkers while maintaining stability. The FR- and SA-targeting nanoprobes showed strong SERS signals and specificity toward cancer cell lines overexpressing FR or SA compared to control cells. Micro-SERS imaging of breast and ovarian cancer tissues revealed a higher expression of both biomarkers in tumor regions versus healthy regions. The multiplex imaging technique allowed for the simultaneous evaluation of FR and SA expression patterns in the same tissue section. Quantification of the SERS signal revealed up to a four-fold higher expression of FR and SA in tumor areas compared to healthy areas. For cellular and tissue experiments, multiple samples were analyzed using the SERS probes. The authors show consistent trends in SERS signal differences between cancerous and non-cancerous cells/tissues across these replicates. This indirect approach of using SERS nanoprobes and micro-SERS imaging enabled sensitive and multiplex visualization of cancer biomarker expression in clinically relevant samples with high spatial resolution.




3.3. Materials Used for SERS


Au and Ag are the predominantly used plasmonic materials for SERS, with Au being favored for biomedical applications due to higher chemical stability. SERS-active nanoparticles utilized include nanospheres [90], NRs [91], nanostars (NSs) [92], nanoplates [93], and core–shell structures [94], whose LSPR peaks can be tuned based on the shape. Ag and Au nanocubes are also excellent SERS substrates due to the EM enhancement at sharp corners. SERS enhancement can be further optimized using nanoparticle assemblies and nanoaggregates that enable intense hot spots in the nanogaps between particles. Arrays of nanopillars [95], encapsulated shell–core–shell nanoparticles [96], and origami nanostructures [97] create internal hot spots within nanostructures for reproducible EF.



For multiplexed detection, mixed assemblies of nanoparticles labeled with different Raman reporters, such as fluorescent dyes, or batch synthesis of nanoparticles encapsulating diverse reporters, allows for a barcode-type SERS spectral signature [98,99,100]. Common reporters include non-thiolated aromatic dyes, such as rhodamine [101], crystal violet [102], and malachine green [103], which adsorb onto nanoparticles via hydrophobic and electrostatic interactions. Thiolated aromatics such as mercaptobenzoic acid derivates that bind covalently are also popular choices [100]. Quantum dots [98], carbon nanotubes [104], graphene [105], and other nanocarbons [106] are alternative SERS reporters under investigation.



SERS-based immunoassays employ a sandwich format using plasmonic nanoparticles functionalized with Raman reporters and an antibody that binds the target protein biomarker. Capture antibodies immobilized on a surface then bind the protein target, followed by SERS nanoparticle binding for signal enhancement. This allows for the multiplexed detection of panels of protein biomarkers using different SERS nanotags. For example, Banaei et al. [107] developed a SERS-based sandwich immunoassay platform in a microfluidic chip to quantify multiple protein biomarkers associated with pancreatic cancer, ovarian cancer, and pancreatitis (CA19-9, HE4, MUC4, MMP7, and mesothelin). The purpose of using a sandwich immunoassay format was to amplify the SERS signal and enable the sensitive, reproducible detection of the biomarkers. Au nanoshells functionalized with Raman reporter molecules and detection antibodies were used to generate SERS signals specific to each biomarker captured on the chip surface. The microfluidic platform improved reproducibility compared to conventional SERS assays. The expression levels of all five biomarkers were measured in patient serum samples from the three disease groups and healthy controls. Then, machine learning algorithms, including K-nearest neighbor classification and decision tree analysis, were applied to the multiple biomarker datasets. This allowed for discrimination between diseases with overlapping single biomarker changes. The machine learning models improved specificity significantly compared to relying on individual biomarkers for diagnosis. In particular, the combination of the microfluidic SERS assay and machine learning could differentiate between pancreatic cancer, ovarian cancer, and pancreatitis. This demonstrates a convenient liquid biopsy approach with high specificity for cancer screening and early diagnosis. The key innovations lie in the integration of multiplex SERS microfluidics with machine learning, which together enable rapid and highly specific discrimination between cancers with common biomarker profiles. Such assays have reached sensitivities down to femtomolar levels, rivaling established clinical assays such as ELISA. SERS nanotags linked to aptamers or affibodies instead of antibodies have also been applied, taking advantage of their stability and multiple binding orientations. However, the researchers also acknowledge some limitations in the repeatability of their sensor. The coefficient of variation (CV) of the Raman intensity measurements was still around 20–30%, even with the microfluidic chip, indicating that there is still room for improvement in repeatability. The small size of their dataset (only 20 serum samples in total) limited their ability to more accurately estimate the test error of their machine learning models. For example, Zhao et al. [108] reported a highly sensitive and selective biosensor for detecting prostate cancer biomarkers in serum samples. The authors fabricated a SERS-based aptasensor using polystyrene–AgNP arrays as a uniform SERS-active substrate. The sensor detects the total PSA and free PSA (f-PSA), which are overexpressed in prostate cancer patients. The aptasensor was constructed by immobilizing a PSA-specific aptamer and its complementary DNA probe on the SERS substrate. The Raman reporter methylene blue was then bound to the aptamer (Figure 6). In the presence of PSA, the target binds to the aptamer, releasing the methylene blue into the solution and decreasing the SERS signal. This allows PSA levels to be quantified through the SERS signal change. The RSD of the peak intensity at 1623 cm−1 when measuring 1 ng/mL PSA was reported to be 4.41% for 10 random Raman spectra collected from the substrate. The sensor demonstrated high reproducibility, selectivity for PSA over other proteins, and sensitivity down to 0.01 ng/mL for PSA and 0.25 ng/mL for f-PSA. Testing in clinical serum samples from prostate cancer patients confirmed the sensor’s ability to accurately detect PSA biomarkers at clinically relevant concentrations.



For detecting nucleic acid biomarkers, such as circulating tumor DNA (ctDNA) and miRNAs, SERS nanotags functionalized with complementary DNA or RNA probes have been developed. The strong Raman enhancement enables detection at a single-base mutation sensitivity. For example, Zhang et al. [109] demonstrated a highly sensitive method for detecting ctDNA in lung cancer patients using SERS. The authors developed a SERS-based assay using a hairpin DNA–RNA–DNA probe to specifically recognize the target ctDNA biomarker. The key innovation enabling this ultrasensitive detection is the use of the RNase HII enzyme to amplify the signal. The hairpin probe contains an RNA segment that is selectively cleaved when hybridized to the target ctDNA. This cleavage releases the ctDNA to bind new probes, cycling the target and amplifying the signal. For SERS detection, the Raman reporter 5,5′-dithiobis(succinimidyl-2-nitrobenzoate) was attached to the DNA probe. After RNase HII cleaves the RNA site, the remaining DNA fragment binds to a complementary DNA sequence, causing a red-shift in DSNB’s nitro vibrations. By measuring this SERS frequency shift, they could detect ctDNA down to femtomolar levels. The assay achieved a limit of detection of 1.2 × 10−16 M for a mutant KRAS ctDNA sequence, a clinically relevant biomarker in lung cancer. This is a 100–1000 fold improvement over traditional SERS sandwich assays. The SERS sensor showed good repeatability and reproducibility, with RSDs of <3.6% for Raman intensity and standard deviations of ~0.04 cm−1 for frequency shifts.



Photothermal SERS nanoparticles that heat up upon laser irradiation have been created for simultaneous biomarker detection and hyperthermal tumor ablation. A novel bioorthogonal SERS nanotag has been fabricated for both highly specific cancer detection and photothermal therapy [110]. The authors functionalized AuNRs with a custom Raman reporter containing a diynl group and aptamers that target cancer biomarkers. When irradiated with a near-infrared laser, the AuNRs generate heat that can be used to kill cancer cells. At the same time, the diynl group on the Raman reporter generates a strong SERS signal at 2205 cm−1, a biologically silent region, allowing for the highly sensitive and specific detection of the cancer biomarkers (Figure 7). In cell studies, the aptamer-functionalized SERS nanotags specifically targeted cancer cells overexpressing the biomarkers. Irradiating the cells with a laser induced significant toxicity due to the photothermal effect of the AuNRs. In mouse models, the nanotags allowed for the highly specific SERS detection of tumors after intravenous injection. With laser irradiation, the nanotags achieved 99% tumor growth inhibition and no observable toxicity.




3.4. SERS Imaging


The imaging capabilities of SERS make it a powerful tool for cancer diagnostics and intraoperative guidance. The spatial mapping of tumor margins in excised tissues using topically applied SERS nanoparticles that target overexpressed proteins has been demonstrated. Li et al. [111] demonstrated a SERS platform for the targeted imaging of prostate cancer cells. The authors developed optimized AuNS-based SERS tags coated with 4-nitrothiophenol and a protective silica layer. These SERS tags were then functionalized with a small molecule inhibitor of prostate-specific membrane antigen (PSMA) to enable specific targeting to prostate cancer cells. PSMA was chosen as the target because it is overexpressed in advanced, metastatic prostate cancers. The authors showed that by carefully designing the plasmonic properties of the AuNSs, they could create SERS tags with intense Raman signals and ultra-high binding affinity to PSMA—around four orders of magnitude higher than existing clinical imaging agents. Using these optimized SERS tags conjugated to the PSMA inhibitor, the authors were able to selectively detect and image PSMA-expressing prostate cancer cells with very high sensitivity. They demonstrated that their approach enabled quantitative, stable Raman spectral measurements of the targeted cells using Raman microscopy. By comparing prostate cancer cell lines with and without PSMA expression, they showed that the SERS agent could discriminate between phenotypes with high specificity. Remarkably, concentrations as low as 20 pM of the targeted SERS agent were sufficient to generate a detectable signal for site-selective recognition of prostate cancer cells.



Multiplex SERS staining of cancer biopsy sections using SERS nanotags was shown to visualize tumor heterogeneity. Murali and co-workers [112] recently demonstrated a novel spectroscopy-based approach for detecting multiple breast cancer biomarkers simultaneously in tumor tissue samples. The authors developed Raman-label SERS (RL-SERS) nanotags targeting three key prognostic markers—estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). The nanotags were constructed by attaching Raman reporter molecules and antibodies specific to each biomarker onto AuNPs. When applied to tumor samples, the RL-SERS nanotags bind to their target biomarkers, allowing sensitive detection through unique Raman spectral signatures. The authors first optimized the nanotags using breast cancer cell lines with known biomarker expression. They then applied the technique to archived formalin-fixed paraffin-embedded clinical tumor specimens to evaluate singleplex, duplex, and triplex detection capability (Figure 8). Using ratiometric analysis of the RL-SERS signatures, the sensitivity and specificity achieved was 95% and 92% for ER, 88% and 85% for PR, and 75% and 67% for HER2 in triplex detection. The nanotags also enabled semi-quantitative scoring of HER2 expression as 4+, 2+, or 1+, corresponding to fluorescence in situ hybridization. Large-area SERS imaging of 0.5–5 mm2 regions was performed to demonstrate feasibility for practical diagnostics. In another work, SERS could be used for the multiplexed molecular imaging of lung cancer biomarkers in vivo [113]. SERS utilizes AuNPs coated with Raman reporter molecules to generate bright, narrow spectral signatures that can be distinguished for multiplexing. In this proof-of-concept study, the authors targeted two antibodies (cetuximab and panitumumab) against different members of the epidermal growth factor receptor (EGFR) family, which is overexpressed in many cancers. They conjugated these antibodies to two different SERS nanoparticles carrying unique Raman reporters. Using a wide-field Raman imaging system, they first showed specific in vitro binding and detection of these anti-EGFR SERS nanoprobes in cultured cancer cells overexpressing EGFR. Significantly, for the first time, they then demonstrated simultaneous multiplexed imaging of both targeted SERS nanoprobes in vivo after topical application to EGFR-positive tumor xenografts in mice. This dual-receptor targeting approach compensated for nonspecific binding and improved tumor detection specificity.



For ultrasensitive analysis of liquid biopsy samples, multifunctional SERS platforms have been developed integrating microfluidics [114,115] and plasmonic substrates [116,117]. The immuno-capturing of exosomes followed by SERS using nanotags specific to exosomal protein markers allow for sensitive phenotypic profiling [118,119,120]. Portable lab-on-a-chip SERS devices enable point-of-care detection of cancer DNA and protein biomarkers from microliter volumes of patient blood, serum, saliva, or urine [121,122,123].



Several challenges need to be addressed for broader clinical translation of SERS cancer diagnostics. Fabrication protocols for reproducible and uniform SERS nanoparticles need to be standardized. The detection of biomarkers in complex media requires optimized surface coatings to prevent nonspecific adsorption. Improved multiplexing capabilities for high-throughput analysis should be enabled. The integration of machine learning methods for the automated analysis of SERS spectral data could aid in distinguishing normal versus disease states. Nevertheless, SERS has tremendous prospects for advancing cancer screening, diagnosis, surgical guidance, and treatment monitoring. The superlative sensitivity and molecular specificity offered by SERS combined with multiplexing abilities and increasing capabilities for real-time in vivo analysis position it as a transformative nanotechnology for next-generation precision cancer medicine.





4. Dark-Field Microscopy


DFM is an optical imaging technique that uses angled illumination to visualize light scattered from samples while blocking out background reflected light. This provides high-contrast images of nanoparticles and nanostructures [51,124]. Coupled with plasmonic nanoparticles, DFM offers a simple yet powerful platform for detecting and quantifying cancer biomarkers by eye or using spectral analysis [124,125]. In DFM, white light is focused on the sample from the periphery at oblique angles, while the directly reflected light is blocked by a light stop. Only the scattered light from the sample is collected by the objective lens for enhanced contrast imaging. Figure 9 shows the scheme of the DFM imaging system with incident wavelength modulation. Noble metal nanoparticles exhibit strong light scattering at their LSPR wavelength, which falls in the visible range. This resonant photon–electron coupling gives rise to brilliant colors and polarization-dependent scattering profiles. DFM illumination spectacularly excites the LSPR-derived scattering signal from individual nanoparticles and nanoparticle assemblies for high sensitivity detection [126].



Both solid plasmonic nanoparticles and hollow nanoshells have been applied as dark-field contrast agents. The scattering spectrum is highly dependent on nanoparticle size, shape, composition, and dielectric environment. This enables multiplexed detection using a cocktail of different nanoparticles tailored to distinct spectral signatures. Sophisticated synthesis methods allow for exquisite control over nanoparticle design to strategically tune the LSPR wavelength, intensity, and scattering directivity. For cancer diagnosis, DFM imaging of tissues, cytology samples, and purified biomarkers tagged with functionalized plasmonic nanoparticles have been demonstrated [31]. AuNRs have been used as optical probes and strand displacement amplification coupled with magnetic separation to achieve a detection limit of 71.22 fM of miRNA-21. The AuNRs are chemically etched in the presence of miRNA-21, resulting in a blue-shift and decrease in LSPR intensity that can be monitored by DFM. The strand displacement amplification provides high sensitivity, while the magnetic separation enables excellent specificity, even discriminating single nucleotide differences. The biosensor demonstrated a wide dynamic range from 0.1 to 10,000 pM miRNA-21. It was also successfully applied to detect miRNA-21 in human serum samples. Guo et al. [128] demonstrated a visual detection of proteins on live cell surfaces using DFM and specially designed AuNPs. The key innovation uses DFM to monitor a copper-catalyzed click reaction between azide and alkyne-modified AuNPs. When they react, it causes a red-shift in the LSPR peak of the AuNPs, detected as a color change from green to orange (Figure 10). To allow for the detection of HER2 proteins on cancer cells, they attached DNA and antibodies to two sets of AuNPs. One AuNP was functionalized with azide groups and DNA (Au1-N3). The other AuNP had alkyne groups and anti-HER2 antibodies (Au2-C≡C). The DNA on Au1-N3 allows for rolling circle amplification (RCA) to produce many complementary strands when triggered by HER2 proteins on breast cancer cells. This brings numerous Au1-N3 nanoparticles to the cell surface. There, they can undergo the click reaction with the Au2-C≡C nanoparticles already bound to HER2 proteins. The RCA amplification leads to much brighter LSPR signals detectable by DFM. Antibody-conjugated AuNPs have been used for the specific labeling and dark-field visualization of cancer biomarkers of carcinoembryonic antigen (CEA), PSA, and alpha fetoprotein (AFP) [51]. SeNPs conjugated to aptamers enable the sensitive detection of overexpressed nucleolin in cancer cells [129].



Hyperspectral dark-field microscopy (HSDFM) combines spectroscopy and microscopy for both molecular and spatial information. Analyzing the full spectral data enables multiplexed quantification of multiple targets labeled with different colored nanoparticles. Advanced machine learning algorithms can be applied to spectral scatter fingerprints for automated classification of normal versus cancerous cells or tissues. For example, Bhat et al. [130] utilized HSDFM to investigate the interactions between 10 nm AuNPs or AgNPs and giant unilamellar vesicles (GUVs) made of the lipid dimyristoyl phosphatidylcholine (DMPC). GUVs were doped with varying concentrations of cholesterol to mimic mammalian cell membranes. The goal was to understand the physicochemical mechanisms governing AuNP and AgNP interactions with model cell membranes, which could inform their development for cancer targeting and treatment. As shown in Figure 11, AuNPs integrated into the lipid bilayer of the GUVs and formed a uniform golden-brown crust, suggesting AuNPs are highly disruptive to membrane integrity. In contrast, AgNPs interacted less disruptively, binding to the GUV surface as isolated particles or clusters with varied configurations. GUVs with 20% cholesterol content were optimal, exhibiting the greatest membrane integrity and lowest permeability. This aligns with other research showing that 20% cholesterol maximizes liquid-ordered domain formation critical for proper membrane function. The distinct mechanisms of AuNP and AgNP interaction with membranes could enable the selective targeting of cancerous vs. normal cells. AuNPs may permeabilize cancer cell membranes more readily due to aberrant lipid content, such as lower cholesterol. Cui et al. [131] demonstrated the use of HSDFM for analyzing individual cells. The authors developed a simple two-step method involving delipidation followed by refractive index matching to reduce intracellular light scattering and enhance the signal from nanoparticle probes. They found that lipid-rich organelles, such as endosomes and lysosomes, caused strong background scattering that obscured signals from plasmonic nanoparticles used to label targets. By first treating cells with isopropyl alcohol to extract lipids, these scattering structures were effectively removed. Subsequent immersion in ScaleA2 solution homogenized the refractive index throughout the cell to 1.39, further reducing scattering noise. Theoretical modeling showed optical clearing suppresses scattering from organelles while boosting signals from AuNPs, improving the signal-to-noise ratio. Experiments verified that this new clearing protocol significantly lowered scattering compared to other agents, enabling sensitive nanoparticle-based HSDFM imaging. The authors demonstrated high-resolution quantification and localization of receptors and mRNAs in single cancer cells. They also monitored intracellular AuNP growth dynamics with unprecedented spatiotemporal resolution. Simultaneously imaging multiple cell receptors can also be achieved using HSDFM [132]. The authors develop a multiplexed imaging system to analyze the immunophenotype of cells by detecting three commonly overexpressed cancer cell receptors—EGFR, IGF-1R, and HER-2. The authors chose AuNRs, Au nanospheres, and Ag nanospheres due to their distinct scattering spectra when imaged with hyperspectral microscopy. By conjugating antibodies specific to each receptor to one nanoparticle type, they created a system of molecular tags that could be imaged in one experiment. Experiments on cells with varying receptor expression demonstrated the specificity of each nanoparticle tag for its target receptor. Using single, double, and triple-labeled cells, the authors showed the ability to simultaneously detect the presence of the different receptors. This allowed for the determination of the immunophenotype of cell lines based on the combination of receptors detected.



DFM integrated with microfluidics and sample processing modules allow automated analysis of clinical blood, urine, sputum, and tissue samples [133,134,135]. Compact, field-portable DFM outfitted with multispectral imaging systems and telemedicine enabled smartphone interfaces are being developed [136]. These point-of-care dark-field diagnostics devices can provide rapid screening without requiring laboratory infrastructure or extensive training. Further integration of dark-field imaging with other optical and plasmon-enhanced techniques, such as SERS and photothermal imaging, could open up more applications in cancer diagnostics spanning the full range from molecular biochemistry to cellular pathology [137,138,139]. For example, Tan et al. [138] developed a core–shell-structured nanosensor (Au@COF) to detect intracellular hydrogen peroxide through a dual-mode technique combining SERS and DFM (Figure 12). The nanosensor consists of a AuNP core coated with a porous COF shell. The COF shell provides several advantages: it stabilizes the Au core, preconcentrates biomolecules for higher sensitivity, reduces cytotoxicity, and enables dispersion in cells. The authors optimized the shell thickness, with the thinnest shell of 3 nm still providing excellent SERS performance. For intracellular detection, the Au@COF nanosensor was incubated with living MCF-7 cells. SERS was used to sensitively detect a Raman reporter (MPBA) on the nanosensor that reacts with hydrogen peroxide. Simultaneously, DFM provided spatial imaging to locate the nanosensors and microregions in cells. Together, the dual-mode technique allowed for the real-time, in situ monitoring of hydrogen peroxide levels in single living cells. When cells were treated with different drugs, the Au@COF nanosensor successfully detected dynamic changes in intracellular hydrogen peroxide levels. With antimycin A to increase hydrogen peroxide, a six-fold enhancement of SERS signal was measured. In contrast, catalase caused SERS signal to decrease by 68%, indicating hydrogen peroxide consumption. DFM offers a versatile platform leveraging the light scattering properties of plasmonic nanoparticles for rapid visual identification as well as sensitive spectral quantification of cancer biomarkers in diverse samples. Ongoing advances in nanoparticle synthesis, surface functionalization, instrumentation, and automated image analysis will help propel dark-field diagnostic approaches towards widespread clinical implementation and point-of-care utility.




5. Photothermal Imaging


5.1. Concepts of Photothermal Imaging


Photothermal imaging is an emerging technique that holds great promise for sensitive visualization of cancer biomarkers by exploiting the efficient light-to-heat conversion properties of plasmonic noble metal nanoparticles [140]. Under laser irradiation at their LSPR wavelength, nanoparticles absorb optical energy and rapidly convert it to local heat. Monitoring the resultant temperature change enables thermal imaging contrast for biomarker mapping. Photothermal imaging offers deeper tissue penetration and minimal autofluorescence compared to conventional fluorescence and Raman techniques while achieving competitive sensitivity [141,142].



Various modalities of photothermal imaging have been implemented for cancer diagnosis. Photothermal microscopy uses a focused laser beam rastered across a sample containing LSPR nanoparticle labels while monitoring beam-induced temperature effects using a sensitive infrared detector [143]. Photothermal tomography and thermoacoustic imaging both utilize unfocused pulsed laser irradiation and ultrasound detection of acoustic waves generated by nanoparticle photothermal expansion for deep-tissue imaging [144]. Optical coherence tomography [145,146,147] and MRI [148,149,150] have also been combined with photothermal excitation of nanoparticles for hybrid imaging.



Among noble metals, AuNPs exhibit the highest photothermal conversion efficiency due to their biocompatibility, chemical stability, and strong absorption cross-sections. The photothermal effect in Au nanomaterials can be strategically enhanced using shapes with sharp tips and edges, such as NRs [151,152], NSs [153,154], and nanoprisms [155,156,157] that concentrate electromagnetic fields for hotspot generation. For example, Yuan et al. [153] demonstrated the potential of AuNSs as efficient photothermal agents for cancer therapy through both in vitro and in vivo experiments. The authors synthesized surfactant-free AuNSs with NIR absorption tunable from 650 to 950 nm to match the tissue therapeutic window. The strong two-photon photoluminescence of AuNSs enables direct particle tracking under multiphoton microscopy. For in vitro tests, bare AuNSs incubated with SKBR3 breast cancer cells showed photothermal ablation within 5 min of 980 nm continuous wave laser irradiation at 15 W/cm2. For in vivo demonstration, PEGylated AuNSs were injected systemically into mice and allowed to accumulate and extravasate out of blood vessels over 48 h (Figure 13). In dorsal window chambers, localized photothermal ablation was achieved within 10 min of 785 nm laser irradiation at just 1.1 W/cm2. This lower irradiance is closer to the ANSI safety limit for skin (0.33 W/cm2 at 808 nm) than parameters used in other photothermal therapy studies. Post-irradiation, the window chambers showed blood oozing and tissue damage visible, both grossly and under multiphoton microscopy, validating the photothermal efficacy of AuNSs. Compared to previous in vivo work, the rapid ablation here, despite lower irradiance, highlights the superior photothermal performance of AuNSs. Their ability to damage tissue when injected systemically also illustrates potential for full-body cancer treatment. Hybrid core–shell nanostructures incorporating Pd [158], silica [159,160], Fe3O4 [161,162], or Cu2−xS [163] amplify photothermal signals and stabilize nanoparticles against degradation under laser irradiation.




5.2. Molecular Targeting Strategies


Molecular targeting strategies are critical for utilizing photothermal nanoparticles as agents for detecting cancer biomarkers. The conjugation of antibodies, aptamers, affibodies, small-molecules, and peptides to nanoparticle surfaces imparts specificity toward overexpressed tumor antigens, receptors, circulating factors, and molecular signatures of cancer cells [164,165,166,167,168,169]. Cancer cell membrane coating with nanoparticles enables photothermal detection even of poorly characterized targets based on differences in cell surface protein profiles between normal and cancerous cells [170]. Activatable photothermal probes, which are optically “switched on” by proteases, pH, or reactive oxygen species, provide sensing mechanisms attuned to the tumor microenvironment [171,172].



Photothermal imaging has been applied for the in vitro sensing of cancer cell cultures labeled with actively targeted plasmonic nanoparticles [173]. Photothermal flow cytometry techniques have been devised for quantification and longitudinal monitoring of rare circulating tumor cells in patient blood samples [174]. Multiplexed photothermal sensing is enabled using barcoded NRs with varying LSPR peaks excited by a tunable laser source [175]. For in vivo applications, photothermal nanoparticles coated with tumor-homing biomolecules injected intravenously have been used to highlight malignant lesions and identify tumor margins with high precision compared to conventional imaging [176].



The real-time image-guided photothermal therapy of tumors has been demonstrated by leveraging the intrinsic thermal ablation capabilities of irradiated nanoparticles localized in cancerous tissues. Combining photothermal imaging and therapy (“theranostics”) in a single platform is a promising strategy for personalized nanomedicine approaches [177]. Photothermal nanoparticles are also being evaluated for aiding surgical resection and adjuvant treatment by marking lymph node metastases with near-infrared imaging and destroying residual cancer cells via hyperthermia [178]. Figure 14A shows representative thermal images of lymph nodes with tumors. The local temperature rise caused by laser irradiation was further increased when AuNRs were administered. The local injection of AuNRs into the tumor site was slightly more effective at raising the temperature than systemic GNR delivery. Figure 14B shows the maximum temperature increase from the baseline of 36 °C. After 3 min of laser irradiation alone, the temperature reached 46 °C. With the addition of AuNRs delivered locally, the temperature rose to 51 °C. Systemic AuNR delivery combined with laser irradiation resulted in a temperature of 50 °C after 3 min.



Ongoing efforts are focused on developing novel broadband-absorbing nanoparticle compositions for deeper tissue penetration, studying biomarker targeting efficiencies in physiologically relevant 3D culture models, and optimizing surface chemistry for minimal nonspecific uptake. The translation of photothermal nanoparticles to first-in-human clinical studies will require extensive evaluation of nanoparticle biodistribution, systemic toxicity, immunological effects, and long-term safety. Integrating machine learning with automated image analysis workflows can help extract subtle photothermal signatures from complex biological backgrounds. Overall, photothermal imaging and therapy using strategically engineered plasmonic nanotransducers provide an impactful nanotechnology platform for the sensitive and minimally invasive management of cancer.





6. Photoacoustic Imaging


6.1. Concepts of Photoacoustic Imaging


Photoacoustic imaging is an emerging biomedical imaging modality that offers deep-tissue penetration and high spatial resolution by detecting ultrasound waves generated through pulsed laser excitation of light-absorbing endogenous or exogenous contrast agents. In particular, plasmonic noble metal nanoparticles with strong optical absorption in the near-infrared window are ideal contrast agents for the photoacoustic imaging of cancer biomarkers [179,180]. The photoacoustic effect arises due to transient thermoelastic expansion induced by pulsed laser irradiation, which launches ultrasonic waves that can be detected using ultrasound transducers. As pulsed laser light illuminates photoabsorbing nanoparticles targeted to cancer biomarkers, they rapidly heat up and undergo thermal expansion, generating pressure waves [181]. The resulting ultrasound waves are detected by transducers placed around the tissue and processed using reconstruction algorithms into three-dimensional photoacoustic images.



Au and Ag nanocages [48], NRs [182], NSs [183], and nanoshells [184] with peak plasmon resonances in the 650–900 nm range are predominantly used as photoacoustic agents due to their biocompatibility, ease of synthesis, and high absorption coefficients. The photoacoustic signal strength depends on the nanoparticle optical absorption cross-section, concentration, and laser pulse energy. Silica coating enhances stability and allows for the conjugation of cancer-targeting moieties [185,186,187]. Multiplexing capabilities can be achieved using a cocktail of nanoparticles with distinct optical absorption spectra [188,189].



Molecularly targeted AuNPs have been used as contrast agents for visualizing tumors and metastases in small animal models using photoacoustic microscopy with spatial resolution better than 50 μm and a penetration depth of 3–5 cm [190]. Actively targeted photoacoustic nanoparticles are under development for detecting circulating tumor cells, cancer stem cells, and metastatic lesions by binding to overexpression cancer biomarkers [191,192,193]. Multi-wavelength photoacoustic imaging has been shown to differentiate nanoparticles accumulated in tumors versus normal tissues for sensitive and specific detection [194,195]. Handheld photoacoustic probes inserted into tissue cavities during endoscopic procedures enable sensing tumor margins in real-time [196]. Interventional photoacoustic needle probes capable of deep-tissue insertion have been designed for guiding biopsy and the localization of sentinel lymph nodes that require excision [197,198]. The functionalization of photoacoustic nanoparticles with therapeutic agents allows for theranostics for personalized treatment monitoring [199].




6.2. Photoacoustic Tomography (PAT)


PAT systems using an ultrasonic transducer array for triangulated detection and tomographic reconstruction facilitate whole-body imaging [200]. PAT has been used to monitor tumor development and response to therapy longitudinally over weeks in vivo by tracking accumulations of circulating photoacoustic nanoparticles at tumor sites. For example, Chen et al. [201] developed ultra-small AuNPs coated with a thin layer of thiol-containing ligands and functionalized with a heterobivalent peptide to target the overexpression of EGFR and ErbB2 receptors in cancer cells. In vitro photoacoustic microscopy demonstrated significant uptake and contrast enhancement only in EGFR/ErbB2-positive cancer cells compared to benign cells after incubation with the nanoparticles. In vivo photoacoustic imaging in a xenograft model showed that the nanoparticles had optimal tumor uptake at 8 h post-injection, appearing as a strong photoacoustic signal in the tumor region. The signal peaked at around a five-fold increase compared to pre-injection levels and the surrounding tissue. There was clear tumor delineation in the photoacoustic images, with the tumor-to-background ratio reaching over two-fold higher than pre-injection. By 48 h, the photoacoustic signal had mostly cleared from the tumor and body (Figure 15). Importantly, CT imaging validated the specific tumor uptake and accumulation of the nanoparticles seen with photoacoustic imaging. Multispectral PAT can discriminate multiple targeted nanoparticle types simultaneously via their distinct optical absorption spectra for molecular multiplexing [202].



Ongoing efforts are focused on developing novel broadband-absorbing nanoparticles for deeper tissue imaging, optimizing surface properties for minimal non-specific uptake and long circulation half-lives, and conjugating cell-penetrating moieties to enable intracellular uptake and amplification of photoacoustic signals from sparse cancer biomarkers. Computational methods for analyzing complex multi-parametric photoacoustic datasets are being advanced. Overall, photoacoustic imaging enhanced by actively targeted plasmonic nanoparticles shows tremendous promise for non-invasive, high-resolution diagnostics and image-guided interventions for combating cancer.





7. Multiplexing and Point-of-Care Detection


A key capability offered by LSPR nanotechnology that can greatly benefit cancer diagnostics is the multiplexed detection of biomarker panels for personalized risk profiling and therapy selection. As mentioned above, by tuning the LSPR peaks of different noble metal nanostructures, multiple biomarkers can be detected in parallel using a single sample. Integrating these multiplexing capabilities with microfluidics and miniaturized detectors can enable low-cost point-of-care diagnostic devices for non-invasive liquid biopsy analysis at the bedside. Multiplexing is advantageous because the abnormal expression of multiple genes and proteins provides a more accurate composite signature of cancerous states than a single biomarker. For example, low-density protein arrays spotted with different antibodies have been coupled with various LSPR nanoparticles encoded with distinct Raman reporters for quantifying up to ten protein cancer markers simultaneously [203]. Multiplexing capabilities of up to 100-fold have been demonstrated using barcode nanotags with finely tuned Raman shifts [204]. For example, Xiao et al. [205] developed a portable and multiplexed SERS-based lateral flow immunoassay (LFIA) reader integrated with a multichannel LFIA reaction column (Figure 16). This system can detect three cancer markers (AFP, CEA, and PSA). Similar SERS-encoded particles functionalized with different DNA probes allow for the parallel detection of multiple gene mutations or miRNA markers associated with cancer [206].



Dark-field microscopy coupled with hyperspectral analysis of distinct plasmonic nanoparticles targeting diverse cellular antigens has been applied for the consolidated molecular phenotyping of cancer cells and tissues [126]. Photoacoustic tomography using a mixture of tuned plasmonic nanostructures was able to simultaneously track and quantify circulating levels of different nanoparticles targeted to markers of tumor angiogenesis and hypoxia [207]. Such molecular multiplexing strategies using nano-engineered LSPR platforms provide a more nuanced, systems-level perspective of the complex interconnected cancer pathway circuitry compared to measuring single biomarkers in isolation. Quantifying biomarker co-expression patterns can improve predictive power for patient prognosis, disease staging, and therapeutic outcomes. Multiplexed assays allow for consolidating the detection of diverse biomarker types, such as proteins, nucleic acids, cells, and exosomes onto a single platform. This increases operational throughput while decreasing time, cost, and sample volume requirements compared to running separate tests.



However, to realize routine clinical utility, multiplexing capabilities need to be integrated with sample handling, processing, and analysis components into automated point-of-care devices usable at the patient bedside with minimal technical expertise. Lab-on-a-chip microfluidic systems incorporating LSPR nanosensors, on-chip sample purification modules, and optoelectronic components for signal transduction offer a promising route for realizing compact, portable devices for cancer screening and diagnosis [208].



LSPR-enhanced vertical flow assays on porous nitrocellulose pads integrated with microfluidics have been utilized for the sensitive quantification of protein biomarkers from microliter volumes [209]. Microfluidic mixing and incubation of LSPR nanotags with clinical samples improves reaction kinetics and amplification [210]. For decentralized testing, smartphone-based interfaces have been developed that can image and quantify colorimetric LSPR assays as well as acquire and analyze LSPR spectral data [211]. Paper-based microfluidic devices incorporating plasmonic nanoparticles as colorimetric reporters constitute low-cost alternatives to traditional lab-on-a-chip platforms [212,213].



Overall, the integration of LSPR nanoprobes with microscale device engineering and data analytic workflows can transform cancer diagnostics from expensive laboratory procedures requiring days to rapid near-patient tests providing actionable molecular information. Further technological innovation and multi-stakeholder coordination is critical in translating these technologies from academic laboratories to real-world clinical implementation.




8. Conclusions and Future Outlook


In this comprehensive review, we have surveyed the broad and dynamic landscape of LSPR nanotechnology for enabling the ultrasensitive optical detection of cancer biomarkers. The unique photonic properties of noble metal nanostructures arising from light-driven coherent electron oscillations confined at the nanoparticle surface provide a versatile platform for boosting intrinsically weak biomarker signals. Strategic engineering of nanoparticle size, shape, composition, and assembly geometry allows for the spectral tuning of LSPR peaks and optimization of near-field enhancement at hot spots. This underpins a diverse range of plasmon-enhanced optical sensing modalities, including surface-enhanced Raman spectroscopy, surface plasmon resonance, dark-field microscopy, photothermal imaging, and photoacoustic imaging.



We reviewed the latest developments in synthesizing innovative nanoparticle designs, engineering surface functionalization strategies, integrating LSPR with microfluidics, and multiplexing biomarker panels using barcoded nanotags. Ongoing research has leveraged LSPR advances to push the frontiers of detecting biomarkers such as circulating tumor cells, exosomes, miRNAs, mutated DNA, and cancer proteins at unprecedented femto–attomolar sensitivities. LSPR nanotechnology has also enabled the consolidation of cellular and molecular analyses along with in vivo imaging onto integrated platforms. These advances have positioned LSPR as a truly disruptive technology on the cusp of revolutionizing cancer diagnostics.



However, several key challenges remain to be addressed that currently constrain the widespread practical implementation of LSPR nanoplasmonics for cancer applications. The development of robust, reproducible, and scalable methods for fabricating uniform LSPR nanoprobes is essential. Systematic toxicity studies and investigations of long-term fate and clearance in vivo need to be performed thoroughly prior to clinical translation. Additionally, standardized surface functionalization protocols must be established to improve stability, targeting, and biocompatibility while minimizing non-specific interactions in complex biofluids. Detection schemes leveraging LSPR should be tested rigorously with real patient samples to evaluate clinical accuracy and reliability compared to established methods. User-friendly instrumentation, automated operation, and seamless data interpretation workflows need to be actualized for adoption beyond specialized labs. Regulatory guidelines will need to be navigated carefully as well.



Alternative SERS-active materials with improved biocompatibility would be valuable to address this limitation and enable clinical translation [214,215]. Carbon nanomaterials, such as graphene and carbon nanotubes, which are two-dimensional and one-dimensional carbon allotropes, exhibit strong Raman signals and can be functionalized with biomolecules for targeting. They also show good biocompatibility due to their chemical stability, inertness, and non-toxicity. However, their intrinsically lower enhancement factors compared to noble metals need to be improved through doping, patterning, and heterostructure formation. Transition metal dichalcogenides, such as MoS2 and WS2, which are layered semiconductors, have shown potential as SERS substrates and photothermal agents for cancer treatment. They benefit from having a layered structure similar to graphene but with a relatively large bandgap, enabling photoexcitation and plasmon-like resonances. Their biocompatibility still needs thorough evaluation, especially for nano-sized forms. Metal oxide nanoparticles, such as TiO2 and ZnO, have been investigated as SERS-active materials and photothermal/photodynamic therapy agents. They tend to be more biocompatible than noble metals due to their chemical stability and similarity to endogenous ions. However, their lower enhancement factors and broad absorption bands remain challenges for sensitive detection applications.



Tremendous opportunities exist for further advancing LSPR nanodiagnostics through synergistic convergence with other emerging technologies. Integration with microfluidics, point-of-care platforms, wearables, and smartphone interfaces can enable widespread decentralized deployment. Coupling with advanced multiplexing assays, optical traps, machine learning, and artificial intelligence algorithms can enhance capabilities. Hybridization with complementary techniques, such as mass spectrometry, sequencing, Raman spectroscopy, and ultrasound, can augment the strengths of LSPR platforms. The incorporation of therapeutic modules for combined diagnosis and therapy (“theranostics”) can provide new avenues for personalized nanomedicine.



In summary, building on the explosive growth over the past decade, LSPR nanotechnologies are poised to transform cancer diagnostics in the coming years through synergistic innovation across multiple disciplines. This holds promise for non-invasive early detection, real-time molecular profiling of tumors, and guiding therapeutic interventions—all geared towards dramatically improving clinical outcomes for cancer patients. The prospects are compelling for plasmonic nanosensing to help realize the vision of next-generation precision oncology care.
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Figure 1. Absorption LSPR peak spectra as a function of wavelength of varying Au nanospheres at different temperatures in water embedded medium (n = 1.33) [44]. 
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Figure 2. (A) The nanoparticle dimer was assembled from Au NPs and Ag NPs, which were functionalized with complementary biomacromolecules. (B) For the detection of small peptides, exemplified by microcystin-LR, the competitive immunorecognition assay was chosen to demonstrate its applicability to biological analysis. It results in a decrease of the CD amplitude. (C) For detection of the fairly large proteins exemplified by PSA, we used sandwich immunoassay mode. Schematics of the nanoparticle dimers bridged by immunocomplexes were used in competitive and sandwich immunoassays [79]. 
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Figure 3. Schematic of the Ag@SiO2 core–shell trimers with different geometries modeled using FDTD simulations [80]. 
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Figure 4. Schematic showing functionalized silver NPs and the detection mechanism of the PCI strategy. (A) Capture-NPs and Raman-labeled reporter-NPs are synthesized by functionalizing AgNPs with thiolated complementary DNA probes. (B) Plasmonic coupling is induced in a three-dimensional nanonetwork cross-linked by capture/reporter DNA duplexes that have the Raman label located between adjacent nanoparticles. (C) In the presence of target strands, targets compete with reporter-NPs for binding to capture-NPs, thereby preventing the formation of nanonetworks, leading to a significantly reduced plasmonic coupling effect [85]. 
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Figure 5. Scheme showing the sandwich immunoassay procedures (MBA: 4-mercaptobenzoic acid; BSA: bovine serum albumin; DSP: dithiobis (succinimidyl propionate); ERL: extrinsic Raman label; EDC/NHS: cross-linkers) [88]. 
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Figure 6. Fabrication procedure of the SERS-based aptasensor for the detection of PSA and f-PSA [108]. 
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Figure 7. (a) Fabrication of oligonucleotide-modified bioorthogonal SERS nanotags. (b) Bioorthogonal SERS nanotags as a precision theranostic platform for cancer detection and photothermal therapy in mice after intravenous injection [110]. 
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Figure 8. Raman spectroscopy-driven histopathologic approach was evolved for clinical diagnostics utilizing targeted Raman-label–SERS (RL-SERS)-nanotags which ensure a rapid, sensitive, and accurate multiplexed detection of clinically relevant breast cancer biomarkers, ER, PR, and HER2, in single tissue specimen by the marked signature Raman fingerprint resembling the corresponding biomarker [112]. 
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Figure 9. (A) Schematic graph of the home-built DFM. (B) The recorded images at different illumination wavelengths are combined into an image series. (C) Scattering spectra of one randomly selected particle [127]. 
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Figure 10. (A) DFM of blank SK-BR-3 cells. (B) DFM of SK-BR-3 cells incubated with anti-HER2/Au2−C≡C probes in a humidified atmosphere. (C) DFM of a single SK-BR-3 cell after further incubation with DNA1/Au1−N3 and anti-HER2/Au2−C≡C. (D) DFM of SK-BR-3 cell after RCA detection of HER2 in the SK-BR-3. (E–H) LSPR spectra of AuNP probes in (A–D), respectively [128]. 
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Figure 11. Probing interactions between AuNPs/AgNPs and GUVs using HSDFM [130]. 
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Figure 12. Schematic illustration of synthesis of Au@COF nanoparticle for detection of intracellular metabolite through dual-mode SERS/DFM technique [138]. 
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Figure 13. Photographs and multiphoton microscopy images 48 h after AuNSs infusion before (top) and after (bottom) the laser treatment. (A) Before the irradiation, the window appeared intact and uninflamed. (B) AuNSs (white color) scattered in the tissue with some remaining near the (C) perivascular space (red arrow). The green color from FITC-dextran delineates the blood vessels. (D) After the laser irradiation (785 nm 1.1 W/cm2, 10 min), a localized oozing of blood became visible (white arrow). I AuNSs distributed more randomly or into clusters. (E) Leakage of FITC-dextran into the tissue was appareIt in Ih” irr’diated spot (F) but not outside the spot [153]. 
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Figure 14. Laser irradiation of tumors in the proper lymph nodes. (A) Anatomical and thermographic images of tumors in the proper lymph nodes, irradiated on day 3. (a–c): laser light alone; (d–f): laser light with local AuNR delivery; (g–i): laser light with systemic GNR delivery. (a,d,g): irradiation time, 0 s; (b,e,h): irradiation time, 90 s; (c,f,i): irradiation time, 180 s. The dashed regions in (a), (d), and (g) indicate proper lymph node regions. (B) Increment in the maximum temperature, from ΔT = 0 (36 °C), against time, measured by thermography [178]. 
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Figure 15. Photoacoustic tomography. In vivo images of human xenograft tumors implanted in mice are shown between 0 and 48 h post-injection of (A) HB-AuNPs, (B) AuNPs, and (C) PBS. (D) The in vitro photoacoustic intensity increases linearly with concentration of HB-AuNPs. (E) Quantified intensities from the tumors show a peak T/B ratio of 3.08 ± 0.37 and 2.27 ± 0.31 at 8 h post-injection for HB-AuNPs and AuNPs, respectively. (F) The mean value for HB-AuNPs is significantly greater than that for either AuNPs or PBS in n = six animals, p = 2.4 × 10−3, and 2.6 × 10−7, respectively, by unpaired t-test [201]. 
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Figure 16. Schematic of portable SERS-based LFIA reader. (a) LFIA strip and (b) integrated reaction column. (c) Details of SERS-based LFIA reader and (d) the entire portable reader [205]. 
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Table 1. Definitions and calculation/measurement methods for key terminology in evaluating biosensing performance.
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	Term
	Definition
	Typical Calculation/Measurement





	Sensitivity
	The ability of a biosensor to detect small changes in the concentration of an analyte. It is expressed as the slope of the calibration curve or the ratio of the change in sensor response to the change in analyte concentration. A higher sensitivity indicates a more responsive biosensor.
	Slope of the linear region of calibration curve (signal vs. analyte concentration)



	Limit of detection (LOD)
	The lowest concentration of an analyte that can be reliably detected by a biosensor. It is an important figure of merit, with a lower LOD indicating a more sensitive biosensor.
	Concentration corresponding to signal equivalent to blank mean + 3 × standard deviation of blank



	Linear detection range
	Concentration range over which the biosensor response is directly proportional to the analyte concentration. Wider linear range allows for quantifying analytes over a broader concentration span.
	Concentration range over which calibration curve is linear (R2~1)



	Selectivity
	The ability of a biosensor to respond specifically to the target analyte in the presence of other interfering species. A highly selective biosensor has minimal cross-reactivity with non-target analytes.
	Measured by comparing the sensor response to the target analyte versus non-target analytes at the same concentration.



	Quality factor (Q factor)
	A measure of the sharpness of the resonance peak of a plasmonic nanostructure. A higher Q factor indicates a narrower resonance peak and a more sensitive response to changes in the local environment.
	Q = λres/Δλ, where λres = LSPR peak wavelength, Δλ = full width at half max



	EF
	The ratio of the sensor response (e.g., Raman scattering intensity) with a plasmonic nanostructure to the response without it. A higher EF indicates greater signal amplification by the plasmonic nanostructure.
	EF = Ienhanced/Ioriginal, where I = intensity of enhanced and original signals



	Reproducibility
	Variability in response when the same experiment is repeated multiple times under same conditions, expressed using relative standard deviation. Lower variability indicates more consistent performance.
	Standard deviation/mean of repeated measurements under same conditions



	Response time
	Time required to achieve stable sensor response after analyte introduction. Shorter response time enables faster detection.
	Time from analyte introduction to achievement of stable sensor signal
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