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Abstract

:

Current advances in the fabrication of smart nanomaterials and nanostructured surfaces find wide usage in the biomedical field. In this context, nanosensors based on localized surface plasmon resonance exhibit unprecedented optical features that can be exploited to reduce the costs, analytic times, and need for expensive lab equipment. Moreover, they are promising for the design of nanoplatforms with multiple functionalities (e.g., multiplexed detection) with large integration within microelectronics and microfluidics. In this review, we summarize the most recent design strategies, fabrication approaches, and bio-applications of plasmonic nanoparticles (NPs) arranged in colloids, nanoarrays, and nanocomposites. After a brief introduction on the physical principles behind plasmonic nanostructures both as inherent optical detection and as nanoantennas for external signal amplification, we classify the proposed examples in colloid-based devices when plasmonic NPs operate in solution, nanoarrays when they are assembled or fabricated on rigid substrates, and nanocomposites when they are assembled within flexible/polymeric substrates. We highlight the main biomedical applications of the proposed devices and offer a general overview of the main strengths and limitations of the currently available plasmonic nanodevices.
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1. Introduction


In recent years, great advances in nanotechnology have largely found applications in the field of biomedicine. In this context, the optical properties of metallic nanomaterials such as gold (Au) and silver (Ag) nanoparticles (NPs) have been exploited to produce nano-diagnostic and nano-therapeutic smart systems, which are simple, exhibit fast response times, and are relatively low-cost [1,2,3,4,5,6]. Physics, engineering, chemistry, and material science have been combined with biology, biotechnology, and medicine to produce biomedical devices that convert biological and/or biochemical signals into electrical ones through electrical, optical, electrochemical, or piezoelectric transducers [7,8,9,10,11]. Nanomaterial-based transducers are finding large interest by the scientific community due to the peculiar physicochemical, optical, and electrical properties arising when their bulk counterparts are reduced at the nanoscale [12]. Among the many available transducers based on nanotechnologies, optical nanobiosensors based on noble-metal NPs have shown great advances, becoming a leading technology with always improved sensing performances and smart applications [13]. Metal NPs can be used as optical transducers based on a phenomenon known as localized surface plasmon resonance (LSPR), which is the oscillation of the electron density on the surface of the NPs occurring at a specific excitation wavelength. A strong enhancement of the electromagnetic field occurs just in the surroundings of the NPs at a subwavelength level [14]. Therefore, when a metal nanoparticle interacts with an electromagnetic wave (i.e., light source), localized resonances are generated whose spectral positions are strongly affected by the shape, composition, and size of the particle [15,16]. The strong field enhancement in the surroundings of the plasmonic NPs confer to them high sensitivity to tiny refractive index (RI) variations in the proximity of the NPs [17]. Plasmonic NPs are converted into optical biochemical transducers when properly functionalized by a biorecognition element. The interaction between the biorecognition element and the target analyte generates a variation of the RI around the nanoparticles and thus a shift in the resonance frequency, which can be correlated to the concentration of the analyte of interest [18]. The LSPR phenomenon has been mathematically explained by Mie, who formulated his theory to explain the absorption and scattering cross-sections exhibited by very small colloidal particles (typically less than 100 nm) suspended in water [19]. Mie’s theory provides the expression of the extinction as a function of the shape, size, and RI in the nanoparticle’s surroundings [20]:
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In Equation (1),  a  is the radius of the nanoparticle,    N A    is its real density,    ε m    is the dielectric permittivity of the medium in which the NPs are immersed,  λ  is the excitation wavelength,    ε r    and    ε i    are the real and the imaginary part of the dielectric function of the nanostructure, respectively, while  χ  is used to describe the aspect ratio of the nanostructure. Starting from this relatively simple description of the basic phenomenon, researchers extended and applied this theory to more sophisticated systems with applications spanning from chemistry to optics, from biology to medicine.



A very simple colorimetric biosensor can be obtained from a colloidal suspension of nanoparticles, which assumes a typical coloration depending on the composition, size, and shape of the plasmonic NPs involved [21,22]. It is possible to induce their chemical aggregation by functionalizing them by a biorecognition layer, which can be sensitive to salts, pH, and target biomolecules. A deep colorimetric variation can be observed by the naked eye, leading to rapid and low-cost assays, which have been and are still extensively used for diagnostic purposes [23,24].



Moreover, as mentioned above, metallic NPs can be used as optical transducers by exploiting the intrinsic LSPR signal, which undergoes a red-shift or a blue-shift as a function of the RI increase or decrease in the proximity of the NPs. For example, when a biological analyte binds to the surface of an NP, a change of the RI (  Δ n  ) occurs, and therefore a frequency shift of the LSPR peak is observed. This behavior is described by the formula [20,25]:
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where  m  is the refractive index sensitivity,  d  is the thickness of the biorecognition layer, and    l d    is the characteristic electromagnetic field decay length. Therefore, it is possible to use the plasmonic NPs immobilized on a substrate as refractometric transducers. LSPR measurements can be made in transmission, reflection, dark-field scattering, and total internal reflection.



Despite the intrinsic LSPR signal monitoring, plasmonic NPs have found large interest as antennas involved in the amplification of external signals arising from light–matter interaction, i.e., Raman scattering, and fluorescence with applications in (bio)chemical assays. More precisely, surface-enhanced Raman scattering (SERS) [26,27] and metal-enhanced fluorescence (MEF) [28,29,30] sensing mechanisms are the object of many research studies. In SERS spectroscopy, the weak Raman signals typical of biomolecules (fingerprint recognition) can be enormously amplified (up to 10 orders of magnitude) by placing the target in the proximity of plasmonic NPs. The Raman signal amplification by metallic nanoparticles is generally attributed to two main contributions: electromagnetic enhancement and chemical enhancement [31,32]. The experimental evaluation of the average Enhancement Factor (  E  F  S E R S    ) can be performed by applying the following formula:


  E  F  S E R S   =    I  S E R S      I  R a m a n        N  R a m a n      N  S E R S      
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where    I  S E R S     and    I  R a m a n     stand for the intensities of Raman and SERS signals, respectively, and    N  S E R S     and    N  R a m a n     are the average number of molecules in the scattering volume in each measurement [33]. Differently, metal-enhanced fluorescence induced by plasmonic nanoparticles is still not fully understood, but it strongly depends on (i) the spectral overlap between the plasmon extinction and the excitation (Förster resonance energy transfer (FRET) mechanism) and/or emission (Purcell mechanism) of a fluorescent dye, and (ii) on the distance between the fluorophore/NP couple [34,35,36].



Nanobiosensors using plasmonic NP-based optical transducers can be made in solution (colloids), or by depositing metal nanoparticles on dielectric substrates, creating periodic or non-periodic arrays, or by deposition/embedding on/into polymeric materials. Several protocols for the fabrication of metal nanoparticles of different shapes and sizes have been published; the most used synthesis methods are electron beam lithography (EBL), colloidal assembly, and nanosphere lithography. The most widely used bottom-up synthesis method is the colloidal assembly in which a solution of metallic salts is reduced via chemical agents, such as sodium citrate, which confers a negative charge to plasmonic NPs. Then, the NP surface can still be modified with stabilizing molecules (thiolate), or even polymeric ligands, which are essential to avoid NP aggregation and ensure their colloidal stability [37]. Plasmonic nanoarrays can be fabricated on a large scale by using top-down, bottom-up, or mixed fabrication strategies [34,38,39,40]. The tailoring of the optical properties of plasmonic arrays can be engineered according to the desired applications by changing the size, shape, material, and distance of plasmonic NPs. Finally, polymeric nanocomposites can be obtained by three main mechanisms: deposition of colloidal NPs onto polymeric substrates, preparation of a pre-polymer solution embedding plasmonic NPs followed by curing (i.e., polymerization, curing, electrospinning), and in-situ reduction of plasmonic NPs on/within a polymeric matrix [3,41].



In this review, we summarize the most recent plasmonic nanobiosensors proposed for applications in biomedicine by considering the main fabrication techniques related to colloids, arrays, and flexible plasmonic substrates. Particular attention is given to their application in both inherent resonance-based biosensors and signal amplification-based biosensors. We describe the chemical mechanisms involved in both label-free and non-label-free sensing mechanisms, the achieved limits of detection, and their application in the biomedical field. Finally, we provide an overview on the main advances in the integration of plasmonic transducers within point-of-care (POC) testing devices by combination with microelectronics and microfluidics to achieve ultra-compact, low-cost, and easy-to-use platforms for applications in biomedicine without the need of expert personnel.




2. Plasmonic Colloids for Biomedicine


2.1. LSPR-Based Colorimetric Biosensors


The composition, size, and shape of plasmonic NPs are all parameters that strongly affect their LSPR response and introduce themselves as excellent optical transducers for the development of innovative sensors [16]. The interaction between the recognition element and the analyte of interest results in a shift of the LSPR related to the concentration of the analyte of interest. The recognition element is responsible for the specificity and selectivity of the sensor. In recent years, the real challenge was to produce simple and low-cost diagnostic devices able to show results in a short time [42]. In this context, colorimetric sensors, providing a visible response to the naked eye, turned out to be excellent candidates. In this section, colorimetric sensors for different applications are presented. Size and shape, the limit of detection (LOD), and the selectivity of the NPs are detailed. It is well known that the LSPR spectral shape and the wavelength of the peak maximum depend on the material, the size, and the shape of the NPs [43,44]. The material is the crucial choice in the development of the sensor. Gold is preferred to obtain a platform with high chemical stability and resistance to oxidation, whereas silver is used to have sharper resonances and higher sensitivity to refractive index variations [14,45]. For example, gold NPs of 50–60 nm in diameter have a plasmon resonance at 530 nm and a refractive index sensitivity of 60 nm/RIU, while silver NPs of 50–60 nm have a plasmon resonance at 435 nm and a refractive index sensitivity of 160 nm/RIU [45,46]. Shape is also an important parameter to evaluate; 20 nm spherical gold NPs have an LSPR at a wavelength of 520 nm, whereas gold nanorods of 10–20 nm in diameter and 10–100 nm in length show two plasmonic bands at 520 nm and 700 nm due to the longitudinal and transverse resonance, respectively; in addition, gold nanocubes of 44 nm in size have an LSPR peak at 538 nm and a sensitivity of 83 nm/RIU, whereas silver nanocubes of 30 nm in size have an LSPR peak at 510 nm with a high sensitivity of 146 nm/RIU [44,47,48,49] (Figure 1a). Over the years, LSPR-based sensors with nanoparticles of different shapes or sizes for the detection of a large variety of molecules involved in diagnostics have been proposed. The relevance of LSPR sensing in nanomedicine was also demonstrated in early stages of cancer diagnosis [50] (Figure 1b). The detection of specific prostatic antigen (PSA) was performed through 10 nm-gold particles covalently bound to the anti-PSA monoclonal antibody [51]. Parameters such as pH, temperature, and concentration ratio between the gold NPs and the anti-PSA were optimized to facilitate the covalent bond. The presence of the anti-PSA generated a 28 nm-redshift in the gold absorption peak from 510 nm, confirming the immobilization of the antibodies on NPs, and the presence of the analyte PSA in the test sample caused a further redshift (up to 578 nm). The LOD, in this case, was 0.2 ng/mL, and the selectivity was assessed with two different tumor markers, generating no spectral change. Velotta et al. proposed a colorimetric sensor to detect the presence of human immunoglobulin G (IgG) in simulated fluids (Figure 1c) [23]. In this work, 40-nm gold NPs, synthesized and stabilized with sodium citrate, were used to immobilize the antibody by the photochemical immobilization technique (PIT) [52,53]. The presence of the analyte of interest caused an aggregation process of the colloidal solution in combination with an increase in the average size of the NPs. Therefore, a redshift of the plasmon of about 3.4 nm from the peak of LSPR of gold NPs at 540 nm is visible both to the naked eye and via spectrophotometric analysis. Despite the LOD of the sensor being just 100 ng/mL, the rapid response and the practical use make the sensor an efficient tool for mass screening. To develop sensors with better performances, researchers also used a combination of different noble metals such as gold and silver. In this regard, Di et al. developed a coupled system built on gold/silver NPs for the colorimetric detection of glucose (Figure 1d) [54]. In this case, gold NPs were used as a catalyzer to oxidate glucose, and silver NPs acted as an alternative to chromogenic agents for detecting glucose. Briefly, gold and silver NPs were synthesized by using sodium citrate as both reducing agent and stabilizer, and their dimensions were about 4 nm and 10.8 nm, respectively. When glucose was added to a buffer solution containing gold NPs, they catalyzed the oxidation of the glucose and produced H2O2, which caused dissolution of the silver NPs, inducing a change in the plasmon resonance. This change was visible to the naked eye, since the solution color shifted from yellow to red. Therefore, it was possible to determine the presence of glucose in a quicker and lower-cost way with an LOD of 3 μM.



In another study for glucose monitoring, the properties of a small amphiphilic protein (Vmh2) were exploited: it could spontaneously interact with glucose [55]. In this work, 8 nm gold NPs were synthesized with polyethylene glycol (PEG), and the obtained solution appeared in a shade of red and pink [56]. The NPs were functionalized with hydrophobins (HFB), and the solution changed color from red/pink to purple [57]. The HFB-functionalized NPs were mixed with glucose at different concentrations, and the variation of the gold LSPR was monitored by spectrophotometry. The main purpose of this work was to produce hybrid NPs to improve biocompatibility. The experimental results were obtained through UV–Vis spectroscopy, dynamic light scattering measurements, polarization modulation–infrared reflection–adsorption spectroscopy (PM-IRRAS), and X-ray photoelectron spectroscopy (XPS).
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Figure 1. (a) From left to right, representative TEM images of Au nanoparticles of different shapes: on the top, nanospheres, nanocubes, nanobranches, nanorods (aspect ratio = 2.4 ± 0.3), and nanorods (aspect ratio = 3.4 ± 0.5); on the bottom, nanorods (aspect ratio = 4.6 ± 0.8), nanobipyramids (aspect ratio = 1.5 ± 0.3), nanobipyramids (aspect ratio = 2.7 ± 0.2), nanobipyramids (aspect ratio = 3.9 ± 0.2), and nanobipyramids (aspect ratio = 4.7 ± 0.2). Reproduced Adapted with permission from Ref. [48]. Copyright (2008), American Chemical Society. (b) Representation of the mechanism of the optical nanosensor for the detection of PSA. Colloidal AuNPs change color from red to purple in the absence of antibody proteins. The conjugation of antibodies to AuNPs stabilizes them and enables the detection of PSA. Adapted with permission from Ref. [50]. Copyright (2021), Elsevier. (c) Colorimetric detection scheme. AuNPs are functionalized with Abs by the photochemical immobilization technique (PIT), and then the presence of specific antigen induces the colorimetric variation of the colloidal solution from red to purple. In this case, there is the controlled aggregation of nanoparticles. Adapted with permission from Ref. [23]. Copyright (2018), American Chemical Society. (d) Detection of DNA-aptamer based on the colloidal solution of gold nanoparticles. Adapted with permission from Ref. [58], Copyright (2018), MDPI-open access article under the Creative Commons Attribution License. (e) Schematic representation of colorimetric detection of ALP. The blue shift of LSPR depends on the amount of enzyme that reduces silver nanoparticles on the surface of AuNSs. Adapted with permission from Ref. [59]. Copyright (2016), Elsevier. 
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The flexibility to modify the surface of NPs has also made LSPR-based nanosensors very for the detection of bacteria. Nemati’s group developed an immunodiagnostic sensor able to detect the presence of V. cholerae O1, a gram-negative bacterium involved in cholera disease [60]. In this work, the synthesis of gold NPs with a size of 40 nm was performed using trisodium citrate, and their surface was functionalized by a monoclonal antibody able to recognize bacteria [58]. Monitoring the LSPR shift, it was possible to evaluate the concentrations of V. cholerae down to an LOD of 10 CFU/mL. A different strategy for biosensing through enzyme-guided growth of silver NPs on gold nanostars was reported by Ju et al. [59]. Once again, they combined the properties of gold and silver to obtain better performances. Alkaline phosphatase (ALP), in presence of ascorbic acid 2-phosphate (AAP), produced a reductant acting on the silver NPs available on the 55 nm gold nanostars (AuNSs). The reduction of the silver NPs (AgNPs) resulted in a blue shift of the LSPR and a change of the AuNSs’ color from blue to purple, and then to orange. According to this, it was possible to quantify the amount of enzyme that reduced the silver NPs on the surface of the AuNSs (Figure 1d). The biosensor LOD was 0.5 pM, and it is well to underline that this method can be easily combined to detect other biomolecules by the naked eye. Since the surrounding of the NPs affects the LSPR, and the LSPR peak wavelength shift is proportional to the changes in the refractive index of the surrounding, this property could be useful to estimate the thickness of a biopolymer wrapping NPs, as proposed by Tramontano et al. [61]. The authors monitored the gelatin thickness on the surface of diatomite NPs due to the AuNPs grown in situ on their surface. The formation of a gelatin shell around the NPs resulted in a change of the refractive index and a redshift proportional to the thickness of the gelatin. Moreover, when enzymes or other conditions degraded the gelatin shells, a blue shift occurred, and it could be related to the released drug. In recent years, the COVID-19 pandemic has increased the request of assays with results easily interpretable by naked-eye or by a simple UV–Vis spectrometer. In this context, various LSPR biosensors have been presented [22,62,63,64], among which Liv et al. realized a colorimetric biosensor to detect the presence of the SARS-CoV-2 spike antigen [65]. In this study, 15 nm gold NPs (AuNPs) were synthesized by the standard citrate reduction method, and then the citrate groups were displaced by 11-mercaptoundecanoic acid (MUA). The SARS-CoV-2 spike antibody (Mab) was covalently bound to the NPs. After functionalization, the AuNPs appeared dimensionally larger (34 nm), and the LSPR peak redshifted to 526 nm. In the presence of the SARS-CoV-2 spike antigen, the LSPR peak underwent a further redshift of about 25 nm, detectable by the naked eye, since the color of the colloidal solution quickly shifted from red to purple. In this case, the LOD was 48 ng/mL, and the selectivity was demonstrated using two different spike antigens. A summary of the reported LSPR-based colorimetric biosensors is provided in Table 1.




2.2. SERS-Based Colloidal Sensors for Bioimaging and Biomedical Applications


The direct analysis of biological processes and functions is crucial for understanding both physiological cell activity and pathological abnormalities. The direct study of living cells, tissues, or organs through in situ non-invasive methodologies is necessary for understanding the complexity of the processes underlying diseases, and testing strategies for clinical treatment. The modern analytical techniques (fluorescence [66], chromatography [67], spectroscopy [68]) used in biomedicine show ultrahigh sensitivity and high-performance levels for imaging, drug release monitoring, cell mapping [69], and other medical purposes. However, they have certain inevitable limitations. For instance, when it comes to tracking molecules or NPs inside cells, the most implemented approach is based on fluorescence [70]. This approach requires labeling the molecule with fluorophores or dyes that might affect the pharmacological effect of the drug. Moreover, fluorescence is sensible to photobleaching, causing under or over-estimation in the sample quantification.



Other strategies employed in disease diagnosis, pathogenic environmental monitoring, and healthcare screening are expensive and require extensive manipulation of the sample before analysis, hindering the real-time investigation of biological processes. In the request for rapid and non-destructive platforms for biomedical purposes, SERS-active platforms optimally adapted in shape have been demonstrated to complement traditional approaches, offering real-time in vitro and in vivo analyses [71]. SERS arises from the coherent oscillation of the electrons in noble metals and the excitation of LSPRs at specific wavelengths of incident light. When a molecule is adsorbed at the hot spot, the excitation and Raman field are both enhanced, giving rise to a giant amplification of the scattering signal up to 1010 [72]. Since most of the chemical and biological compounds have unique Raman fingerprint patterns, SERS enables sensitive and label-free investigations of a wide array of interesting analytes. Noble metal particles, such as gold (Au) or silver (Ag) in suspensions or immobilized on a substrate [73], are by far the most used substrates, since their LSPR response can be easily excited producing enhancement on the order of 103–104 [74]. Managò et al. showed that gold-decorated silica NPs can be used as a SERS platform for monitoring and quantifying the amount of Galunisertib released in living colorectal cancer (CRC) cells without needing external fluorophores or markers [75]. In this work, the AuNPs grown on the surface of DNPs by an in-situ approach produced an enhancement of the Raman drug signal of 105 and allowed a quantification down to a sub-femtogram scale resolution. The author reconstructed a false Raman map (Figure 2a) to study the internalization of the hybrid delivery system. Then, thanks to the strong Raman drug enhancement provided by AuNPs, the drug release was monitored at different time intervals in vitro (Figure 2b) and CRC cells (Figure 2c), making it easy to correlate the amount of released drug to the observed biological outcome. In this study, SERS represented a precise and rapid tool to understand the release behavior of the drug delivery system in the cell, overcoming traditional spectroscopic or fluorescent issues for drug monitoring [68]. The possibility to analyze samples using a fast, sensitive, and non-destructive method is thus fundamental when handling sensitive samples such as cells during in vitro investigations. For instance, the cell uptake of NPs can be monitored by different techniques, including TEM [76], but most of them can damage cells or allow for analysis of only a small portion of the cell volume. SERS, instead, can be used as an excellent tool for the study of the NPs’ cell uptake and their mechanism of internalization. The main advantage of using SERS rather than TEM relies on the time and costs required for the analysis. Kapara et al. functionalized AuNPs with an anti-ERα (Estrogen Receptor-alpha) antibody and a Raman reporter to investigate the internalization and localization of ERα-AuNPs in breast cancer cells [77]. ERα-AuNPs were incubated with cells for a shorter time and without the use of fluorescent staining, which needs expensive primary and secondary antibodies. The authors realized 3D SERS images of the entire cell volume and showed that modified AuNPs cannot penetrate breast cancer cells by passive targeting, but with a receptor-mediated pathway driven by their binding to the ERα receptor in the plasma membrane. The internalization of AuNPs is a crucial factor determining their application in nanomedicine, and the possibility to investigate their cell uptake with non-invasive techniques is mandatory to discriminate between the toxicity caused by either AuNPs or the technique. The safety of AuNPs, such as any material for human use, needs accurate evaluation and reliable techniques as well. SERS found application also in the detection of toxic contaminants (bacteria, endotoxins, toxins, and viruses [26] in AuNPs, since this material can be contaminated by a bacterial endotoxin known as “liposaccharide”, a potent cause of immunoreactivity in mammals [78]. The detection of LPS in AuNPs can be challenging because they can interfere with the most common assays (limulus amoebocyte lysate (LAL), monocyte activation test (MAT) [79]), altering the final readout of the analysis. Verde et al. showed that SERS can complement the traditional techniques to detect LPS directly on AuNPs with chemical specificity among different types of LPS or bacteria, such as Escherichia coli and Klebsiella pneumonia. They developed a sensitive platform with a detection limit of 5 LPS molecules per AuNPs, high-reproducibility, and without modifying the AuNP surface through functionalization approaches [80]. Furthermore, the authors showed that AuNPs did not produce biologically significant toxic effects in macrophages and that most of the inflammatory response is driven by the presence of LPS. Therefore, this study supported the use of AuNPs as safe imaging material for biomedical applications and offered a reliable technique for assessing the absence of toxic LPS before using AuNPs in medicine. To obtain higher enhancement of the Raman scattering, noble metal films can be realized on three-dimensional (3D) SERS substrates that are promising platforms for the analysis of complex samples [81]. The 3D SERS substrates show excellent sensing performance, since they allow for 3D plasmonic coupling both in-plane and out-of-plane, expanding the hotspot of the 3D volume compared to the 2D substrates [82]. These 3D structures can be found in nature, such as insects, birds, and flowers, which possess periodic micro and nanostructures with efficient light manipulation and plasmonic properties [83]. In recent years, the dielectric nanoarchitecture of diatom shells served as low-cost platforms for SERS sensing of biological compounds [84]. Managò et al. showed that a silica/metal hybrid structure composed of diatom valve and Au can be applied for the chemical analysis of both red blood and leukemia cells thanks to a robust SERS amplification (EF) of 4.6 × 106 [33]. The metalized frustule was developed using Au thermal evaporation to grow a metal layer on the 3D silica nanoarchitecture. The main advantage of diatom-based SERS platforms is their low-cost production and 3D natural periodic and sub periodic architecture, which make them valid alternatives to costly and complex 3D geometries [85]. Indeed, the metalized frustule offered the possibility to analyze the cell membrane thanks to the unique cell spectral signature from Raman scattering, supporting the use of SERS for the detection of several oncological disorders. In recent years, there has been an increasing number of publications reporting the employment of SERS for in vivo investigations, especially for cancer imaging and detection [86]. Sers-encoded particles (SEP) made of a plasmonic NP core (silver or Au) coated with a SERS probe have shown a high photostability and optical contrast when working with cells and near-infrared (NIR) excitations [87].



SEP can be functionalized with a wide range of biological moieties [88,89,90] to promote the preferential accumulation of NPs in tumors compared to normal tissues. Nicolson et al. developed a SEP-based biosensor for visualizing the diffusion of brain main tumor and delimiting the margins, isolating distant tumor clusters of fewer than five cells in vivo [91]. The author synthesized Au nanostars (AuNSs) coated by silica and further functionalized with a SERS probe and the tripeptide RGD (arginyl glycyl aspartic acid) for targeting integrin, which is predominantly expressed on tumor endothelial cells (Figure 2d). To avoid background interference with the Raman signatures of interest, the authors combined spatially offset Raman spectroscopy (SORS) with the SERS technique, making it possible to obtain excellent tumor localization with a power density five times less than that used for conventional Raman spectroscopy. Thanks to their unique Raman fingerprint, RGD-AuNPs allowed for the identification of metastasis located at about 350 μm from the main tumor by Raman imaging. Integrin targeted RGD-AuNPs-SEP enabled an accurate outline of the brain tumor and localization of microscopic extensions invading the brain, in agreement with the magnetic resonance imaging (MRI) (Figure 2e,f). It was also possible to detect isolated glioblastoma cells on their migratory path. These results, among others reported in the literature and this section, hold promise to allow high precision visualization and mapping of tumors [92] and the extents of metastasis. The attention that SERS has gained in the last decade for in vitro/vivo applications is supported by the opportunity to overcome limitations held by traditional techniques that are time-consuming, costly, and not as sensitive and accurate as SERS for performing real-time analysis in complex samples.
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Figure 2. (a) False map reconstructed by Raman imaging through the MCH approach for analyzing the internalization of hybrid DNPs in cells. (b) Drug release studies monitored in CRC cells by real-time SERS. (c) Drug release studies monitored in phosphate buffered saline (PBS) pH 7.4 and 5.5 by real-time SERS. Adapted with permission from Ref. [75]. Copyright (2021), John Wiley & Sons. (d) Functionalization of active-targeted nanostars for in vivo imaging of brain tumors. (e) The SORS heat map confirming the presence of a brain tumor is in good agreement with the MRI image (f). Adapted with permission from Ref. [91]. Copyright (2019), Ivyspring International Publisher. 
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3. Plasmonic Nanoarrays for Biomedicine


One of the best ways to improve the LSPR sensors’ performances is to enhance the interactions between light and matter. In this regard, in addition to the growing development of colorimetric sensors, based on solution assays, new nanotechnologies have been developed that can effectively improve the light–matter interaction [93]. Although the potentiality of colloidal plasmonic NPs has been elucidated, with a particular focus on their application in biosensing and bioimaging applications, some of the major issues associated with them are the chemical stability and signal reproducibility, which could hinder their application at the industrial level [94,95,96]. Moreover, the quest for easy-to-read, rapid, and portable devices has pushed scientists towards the design of optical substrates based on plasmonic NPs, whose response could be easily monitored by simple spectroscopy. Several techniques have been proposed to produce plasmonic periodic, quasi-periodic, and non-periodic nanoarrays with precise optical properties, which could be exploited for biochemical sensing and whose performance strongly depended on the size, shape, material, and interparticle distance of the proposed nanoplatform [97]. Three methods are generally recognized for the fabrication of plasmonic nanoarrays: top-down, bottom-up, and mixed approaches [38,40,98,99,100]. The first one is generally the most expensive and time-consuming and leads to the fabrication of periodic nanoarrays with an easily predictable and tunable optical response. “Hard” lithography (e.g., E-beam lithography) is generally employed for this type of approach, providing arrays with always renewed optical performance, which can be exploited in biomedicine to achieve ultra-low limits of detection and extremely high sensitivities [101]. Vice versa, the bottom-up approach promises low-cost and large-scale substrates starting from chemically synthesized plasmonic NPs, which are self-assembled on an optically transparent or reflecting substrate. This technique does not require expensive instruments and offers the opportunity to have access to plasmonic arrays, which are generally non-periodic or quasi-periodic, and which exhibit reduced analytical performance in the biosensing field but could be in principle applied on a large scale. Generally, plasmonic nanoarrays assembled via this technique show great potential in external signal applications for MEF and SERS-based biosensors [88]. Finally, a mixed fabrication approach takes advantage of the two previously mentioned fabrication approaches and offers a good trade-off between large-scale fabrication, costs, and performance [34]. In this section, we summarize the most recent plasmonic nanoarrays for intrinsic LSPR sensing and external signal amplification (SERS and MEF). Plasmonic nanoarrays can be engineered starting from structural parameters and generally exhibit better performance, better reproducibility, and multi-target detection compared to colloidal nanoparticles [102].



3.1. LSPR-Based Plasmonic Nanoarrays


The worldwide recognition of the main applications of plasmonic nanoarrays exploits the shift of the LSPR exhibited by noble-metal nanoparticles upon changes in the refractive index (RI) of the surrounding environment for bulk refractive index sensing and biochemical sensing [14]. This means that when properly functionalized with a biorecognition element, plasmonic NP absorption peaks undergo a redshift, which is generally proportional to the concentration of the used bioprobe. Unlike colloidal NPs, whose red-shift is generally due to NP aggregation, which can be monitored by the naked eye, when dealing with plasmonic nanoarrays, the tiny red-shifts measured by spectroscopic techniques are only due to the variation of the surrounding refractive index. The sensitivity (S) of a plasmonic nanoarray is a parameter that describes its intrinsic capability of undergoing a redshift upon variation of the refractive index in the proximity of the plasmonic nanoarray surface:


  S =   d λ   d n    



(4)







S is measured in nm per refractive index unit (nm/RIU). This parameter is not sufficient to describe the overall sensing capabilities of an LSPR-based optical transducer. Given the full width at half maximum (FWHM) parameter to describe the sharpness/broadness of the plasmon resonance, it is possible to introduce the figure of merit (FOM) as


  F O M =  S  F W H M    
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This parameter describes the performance of an LSPR-based optical transducer. More generally, in the biosensing community, gold is generally preferred to silver due to its chemical stability. However, silver exhibits sharper resonances, which boost the FOM of silver-based plasmonic nanoarrays. The oxidative susceptibility of silver hinders its application in LSPR-based biosensors; however, several strategies have been implemented to protect it from chemical oxidation [103,104]. The applications of LSPR-based plasmonic devices, in the diagnostic field, can be manifold. As an example, the detection and quantification of IgG can be a reliable means for the determination of some diagnoses such as hepatitis B virus, renal failure, hyperstimulation of the immune system, and some types of cancer [105]. Moreover, IgG could be used as biorecognition elements for biomarkers, cells, viruses, as well as pesticides and pollutants.



Both periodic and non-periodic plasmonic nanoarrays have been proposed for IgG-based sensing. Vestri et al. recently proposed a plasmonic 2D nanostructure based on a periodic arrangement of iso-Y gold NPs (Figure 3a). The array was fabricated by EBL lithography, its optical response was numerically evaluated, and a sensitivity of 412 nm/RIU was measured. The proposed platform was functionalized with IgG and allowed for the detection of a pesticide (namely, the imidacloprid) in the dynamic range of 1–1000 ng/mL achieving an LOD of 1 ng/mL [106]. Chen et al. proposed instead a multiplexed detection based on IgGs using large-scale plasmonic nanoarrays based on thermal dewetting of gold films of 10 nm thickness. They achieved a sensitivity of 104 nm/RIU and still a good LOD of multiple biomarkers, including IgG [107]. Another interesting application of LSPR-based plasmonic nanoarrays in the diagnostic field concerns the detection of cancer biomarkers, such as the prostate cancer-specific antigen (PSA). In [108], the specific binding between PSA-specific DNA aptamers and the LSPR optical response of gold nano-disks arrays on glass slides were exploited. DNA-aptamers were attached to the glass substrates with gold nano-discs, which before immobilization were first heated to 90° and then cooled to room temperature to maintain the flexibility of the aptamers, which was critical for PSA binding. Two different substrates were used to consider two different concentrations of aptamers. The binding between aptamer and gold nano-disks occurs between SH groups and Au atoms. The proposed platform exhibited a sensitivity of 113 nm/RIU and achieved an LOD of 1.49 ng/mL (Figure 3b). These results show the potentiality of plasmonic nanoarrays combined with aptamers, which could find large applications for pre-biopsy testing for cancer and partly avoid invasive exams [109]. Another example of PSA detection by plasmonic nanoarrays was achieved by using silver nano-columns [110]. The nano-columns with a diameter between 5 nm and 10 nm were immobilized on a glass substrate. They were stabilized by a self-assembled monolayer (SAM) of 11-mercaptoundecanoic acid (MUA) and 6-mercaptohexanol (MCH), and then the substrates were immersed in solutions containing different concentrations of anti-PSA. In this case, the achieved LOD was 850 pg/mL with clinically acceptable specificity, confirming the better performance of silver compared to gold when properly stabilized. Plasmonic nanoarrays can be therefore employed in the monitoring of the state of health and wellness of human beings. Recently, there have been numerous studies that have shown that vitamin D deficiency can be associated with various diseases, even serious ones, such as cardiovascular disease and osteoporosis; on the other hand, an excess can lead to kidney failure [111]. Recently, a sensor based on bottom-up synthesized gold nanorods immobilized on a glass substrate was proposed for the detection of 25-hydroxyvitamin D3, whose level in the blood can be directly traced back to that of vitamin D3 [112]. The gold nanorods were synthesized directly with citrate, used as a stabilizer, and subsequently functionalized with an aptamer capable of binding specifically only with 25-hydroxyvitamin D3 (Figure 3c). In this case, 1,6hexanedithiol was used as a blocking agent to promote specific binding, which improves LSPR and thus detection performance. This aptasensor showed a large dynamic range (0.1–105 ng/mL), which was considered clinically relevant to evaluate a deficiency or an excess of vitamin D. The achieved LOD was 0.1 ng/mL. A last interesting application of LSPR-based plasmonic nanoarrays concerns virus sensing. As an example, the hepatitis B virus (HBV), which is the culprit of hepatitis B disease, can lead to severe consequences as well as hepatocellular carcinoma (HCC) [113]. Gold NPs were synthesized using a gold nanoseed growth method. and then conjugation with the anti-HBsAg antibody on a glass substrate was performed [114]. The solution was later inoculated with the target analyte. To increase the sensitivity and enhance the optical response of the device, a second layer of AuNPs conjugated with anti-HbsAg was created to obtain a heteroassembled AuNP sandwich–immunoassay chip format. Three different sizes of gold nanoparticles were synthesized, namely 15 nm, 30 nm, and 50 nm, respectively, and using the 15 nm ones for both the first and second layer, a lower LOD of 100 fg/mL in 10–15 min was obtained. With a single layer of 15 nm AuNPs, the LOD was 10 pg/mL. One of the most recent applications of plasmonic nanoarrays is related to the COVID-19 pandemic outbreak, whose early diagnosis still represents the most powerful tool to prevent its spread. In this regard, a biosensor combining plasmonics and microfluidics-based on Au nanospikes fabricated by gold electrodeposition was proposed [115]. Optical sensing of anti-SARS-CoV-2 spike protein antibodies was performed in diluted human plasma without any labeling agents, reaching an LOD of 0.08 ng/mL, exhibiting complementing performances to the existing serological COVID-19 tests. Being based on a large-scale fabrication approach, the proposed platform could find application as a multiplexed biosensing platform for disease monitoring. Depending on the application and the desired performance, periodic as well as non-periodic structures of different shapes and sizes and materials can be fabricated and applied in the rapid diagnosis of diseases. A summary of LSPR-based plasmonic nanoarrays is provided in Table 2.




3.2. Plasmonic Nanoarrays for MEF-and SERS-Based Biosensors


Nanostructured plasmonic arrays promise the advantage of being highly controllable, optically stable, and easy to tune via advanced photolithographic techniques or controlled self-assembly [34,99,116]. The use of LSPR for refractive index sensing offers promising opportunities in terms of limit of detection and sensitivities, which can be further enhanced by exploiting the large electromagnetic field enhancement in the surroundings of the NPs to amplify external signals, such as Raman scattering and fluorescence, by serving as nanoantennas. Several SERS- and MEF-based biosensors have been recently proposed in the form of both periodic and non-periodic nanoarrays, achieving very promising results in the biosensing field [26,30]. Although plasmonic nanoarrays for SERS-based biosensors have been extensively reviewed in recent years [117,118], it is worth mentioning some of the most recent SERS-based nanostructured surfaces for cancer biomarker detection. In this frame, Muhammad et al. [119] reported on a gold NP array functionalized with a DNA aptamer for SERS detection of interleukin-6 (IL-6), an important inflammatory and cancer progression cytokine. The recognition of the target IL-6 in serum is achieved by the conformational of the aptamer, resulting in the corresponding change of the output Raman intensity ratio (I660/I736). The proposed nanoarray is reported to work in the IL-6 dynamic range of 10−12–10−7 M (Figure 4a). This example further elucidates the applicability of SERS substrates for real samples (blood, serum, urine) with no nonspecific signal detection. Most of the published top-down fabrication strategies allow regular, densely packed, and periodic geometries with strong electromagnetic field confinement, which represent the ideal candidates for plasmonic sensing. Despite this, large efforts have been the method to obtain similar performance starting from the self-assembly of monolayers of bottom-up synthesized plasmonic NPs. For example, Kang et al. [120] developed a closely-packed and ordered Au octahedra array as a highly active and reliable SERS substrate for miRNA detection, which is another hot topic in the biosensing community. The synthesis of Au octahedra was performed via bottom-up chemical synthesis, and the monolayer was achieved by exploiting interfaces between two immiscible liquids. The proposed sensor achieved an miRNA concentration down to 5.3 aM (LOD), a broad dynamic range (from 10 aM to 10 nM) without any signal amplification strategies, and discriminated targets differing from one another by only a single nucleotide. Among the many available SERS nanoarrays, more exotic nanostructures for the amplification of the Raman signals are not missing. For example, Chen et al. proposed a 3D nanopopcorn plasmonic substrate fabricated by a thermal evaporation method. After functionalization with a specific aptamer DNA, it was exploited for the highly sensitive and reproducible detection of the influenza A/H1N1 virus. They exploit the surface energy difference between the perfluorodecanethiol (PFDT) spacer and Au layer to self-assemble gold NPs in a highly uniform way.



The neighboring nanoparticles created a high density of plasmonic hotspots on the substrate, enabling reproducible target molecule analysis. When the target A/H1N1 virus was added onto the substrate, the coupling between aptamer DNA and the virus decreased the Raman signal intensities. Such variation was used for the highly accurate quantitative evaluation of the A/H1N1 virus. The LOD and assay time were estimated to be 97 PFU/mL and 20 min, respectively [122]. These are just some examples of the powerful applications of SERS nanoarrays in biosensing, which can be performed with very promising results, both in label-free mode and by using Raman reporters to reduce signal-to-noise ratios and LODs. Another signal that has been proved to be largely amplified by interaction with plasmonic nanoarrays is doubtless fluorescence. Metal-enhanced fluorescence or plasmon-enhanced fluorescence has been widely investigated to boost biomolecular fluorescence-based detection down to the single-molecule resolution, solving the very general issues of sample-autofluorescence, signal-to-noise ratio, and interfering signals [123]. MEF for biochemical sensing has paved the way to more irregular plasmonic nanoarrays, since the broader the plasmon peaks, the more probable the spectra overlap with a selected fluorescent dye. Therefore, the quest for MEF-based biosensors is to achieve a sufficiently large plasmon that could overlap with both excitation and emission spectra of a fluorescent dye in a dual-mechanism amplification scheme [35]. What instead must be carefully tuned is the distance between the plasmonic nanostructures and the fluorescent dyes by using spacers to functionalize the nanoarrays and achieve the desired distance. In this regard, a biosensor capable of detecting IgG concentration has been obtained by a mixed top-down/bottom-up fabrication strategy to produce gold nanoislands on an etched substrate (AuNIes) [34]. The proposed nanoarray was functionalized by a self-assembled monolayer of alkanethiol and used for IgG detection, followed by covalent immobilization of the antibodies. The sandwich structure was completed by incubating the sensor surface with fluorescently labeled antibodies, and thus detection of the analyte of interest is achieved. Different fabrication thicknesses for the AuNIes were analyzed, but finally, the choice fell on those that allowed the peak LSPR to be observed at the excitation/emission maximum of the fluorophores chosen for analysis. The LOD of the biosensor based on metal nanostructures is 4.3 ng/mL, which is a very good result for biomedical analysis, showing the potential application of a large-scale, low-cost fabrication strategy to significantly reduce the LODs of a target analyte. Another very interesting application of MEF-based nanoarrays concerns the diagnosis of sepsis. Sepsis is a complication of an infection, and its evolution can be very serious. Without immediate treatment and diagnosis, it can lead to death. In the United States, its mortality rate exceeds that of prostate and breast cancer [124]. All this can be combated by early diagnosis, for example with biomarkers that are closely related to sepsis, namely procalcitonin (PTC), interleukin, and lactate, with their respective sensitivity/specificity values [125,126]. In this context, a rapid, point-of-care (POC) testing device has been developed that allows the quantification of PCT, aiding in the diagnosis of sepsis. Again, this takes advantage of the LSPR superposition of a nanoarray, and the excitation spectrum of fluorescent dyes. For this application, periodically ordered gold nano-pillars of 140 nm square and 320 nm pitch are fabricated on glass substrates. QDs are used as fluorescent dyes. The gold nanochip was fabricated by e-beam lithography or nanoimprinting [127]. The gold nanochip was integrated into a low-cost microfluidic chip sandwiched with PMMA polymer, where the analyte sampling and bioassay flow, are controlled by a peristaltic pump. For PTC detection, an anti-PCT monoclonal antibody was immobilized on the surface of the gold nanopillars, following which a PCT solution was injected into the gold chip fixed in the microfluidic support. At this point, a solution of biotin-conjugated PCT detection antibody was injected, followed by the application of QD-655-conjugated streptavidin. A laser and CCD camera controlled via LabVIEW was used for fluorescent signal detection of QDs. This POC device showed very high performance as it entered 30 min to perform the assay and the data analysis. The LOD calculated was 0.5 ng/mL, which is within clinical limits for sepsis diagnosis. A large-scale nanofabrication approach for MEF-based plasmonic nanoarrays was also proposed by Minopoli et al. [35]. In this work, a gold NP array was made by block copolymer micelle nanolithography (BCMN) for the specific and ultrasensitive detection of Plasmodium falciparum lactate dehydrogenase (PfLDH)—a malaria marker—in whole blood. The device achieved a limit of detection smaller than 1 pg/mL with very high specificity without any sample pretreatment (Figure 4b). The nanoarray optical response was tuned to achieve the highest Cy5 fluorescence enhancement by exploiting a dual enhancement mechanism in which both dye excitation and emission fall in the extinction of the NP array, offering a versatile tool for biochemical sensing and diagnosis of diseases. Tang et al. [121] proposed, instead, an innovative gold nanorod array biochip to systematically investigate the localized surface plasmon resonance (LSPR)-coupled fluorescence enhancement for signal amplification in molecular beacon detection. Their nanorods were assembled in an ordered vertical standing array on a glass substrate, resulting in dramatically intensified LSPR between adjacent nanoparticles as compared to that from an ensemble of random nanorods. They experimentally proved the dependency of the metal-enhanced fluorescence on the distance between metal nanostructures and fluorescent dye (Figure 4c). The applicability of their nanoarray was extended to molecular fluorescence enhancement as a highly functional and ultrasensitive plasmonic DNA biochip as a molecular beacon. A summary of Plasmonic Nanoarrays for MEF- and SERS-based biosensors is provided in Table 3.





4. Plasmonic Polymer Nanocomposites for Biomedicine


Usually, polymer nanocomposites are realized to reinforce the mechanical or structural properties of the polymer basic material [128]. Conversely, the polymer matrices can embed plasmonic NPs to gain new optical properties without considerably modifying their mechanical properties. Plasmonic nanocomposites are emerging as novel platforms for biomedical applications due to their potentiality in the fabrication of large-scale plasmonic nanocomposites Since the environment deeply affects the optical properties of NPs, the dispersion and aggregation of the NPs in the polymer matrix are the key challenges for the fabrication of plasmonic nanocomposites. Generally, three main fabrication techniques are involved in the fabrication of polymeric plasmonic nanocomposites: (i) deposition or self-assembling of plasmonic NPs on the surface of transparent polymers, such as polydimethylsiloxane (PDMS) [129,130], poly (methyl methacrylate) (PMMA) [131], and poly (ethylene terephthalate) (PET) [132]; (ii) preparation of a pre-polymer solution containing plasmonic NPs, which can be processed by thermal curing [133,134], photopolymerization [135], or collected in the form of nanofibers using electrospinning [133,136]; and (iii) in situ reduction of metal salts on or within polymeric matrices [136,137]. Among the many available polymers, hydrogels have recently played an important role in the field of biomedicine [138]. The 3D network of hydrogels and the large content of water they can potentially accommodate make them the ideal candidates for the formation of scaffolds to be used for in vitro cell culturing and for in vivo wound healing patches [139,140]. Moreover, they are generally considered as biocompatible and biodegradable, while offering a large variety of physicochemical and mechanical properties [141]. Hydrogels present good anti-fouling properties and tend to preserve the activity and functionality of biomolecules within their network, offering great potential also in biosensing applications [142,143]. Their 3D networks can be made stimuli-responsive inducing a controlled swelling or shrinkage as a function of external parameters (e.g., pH, temperature, ionic strength, etc.) [144,145]. In this context, the combination of plasmonic NPs with hydrogels offers new insights in biomedical applications due to their optomechanical properties.



Plasmonic Hydrogel Nanocomposites for Biomedicine


While Heilmann has largely discussed NP dispersion in rigid polymers in [146], the use of hydrogels as containing material is currently the object of several studies for their capability to respond to chemical and physical stimuli, such as hydration, pH, ionic strength, specific chemical interactions, temperature, light, magnetic fields, and so on. Indeed, the application of this group of polymeric material widely ranges from optical data recording and storage to soft actuators, from therapeutic platforms to biosensing [147,148,149]. In particular, in the field of biomedicine, thermal care, tissue engineering, and drug delivery, sensing and imaging for diagnostics and biology commonly use polymeric nanocomposites based on hydrogels and NPs. Therefore, the combination of these smart hydrogels with functional plasmonic NPs adds synergistic benefits to the composite system [41]. Embedding plasmonic NPs in thermally responsive hydrogels opens to a wide range of applications in theranostics. The combination of NPs that can efficiently convert light absorption in temperature increase, with thermally responsive hydrogels has been employed as actuator/sensing systems, in thermal therapy, and as light-triggered materials [150,151,152,153]. As an example of photothermal actuator/sensing systems, in [150], Au nanorods have been embedded in gelatin hydrogel functionalized with anti-epithelial cell adhesion molecule (anti-EpCAM) to capture and release on demand circulating tumor cells. In this system, light absorption was converted into temperature energy by Au nanorods that melted the gelatin and decreased the adhesion of cells to the hydrogel. Several works have been presented in the field of photothermal and photodynamic therapy using PNP, but the combination with a hydrogel as the collagen presents the advantage of combining the thermal therapy triggered using plasmonic NPs and the localized delivery by collagen injection. Collagen is a perfect biocompatible and thermomechanical responsive material widely used in cancer therapy [151]. Among the thermoresponsive hydrogels that exhibit shape memory effect, i.e., polymers that temporarily and elastically change their shapes with heating, poly(N-isopropyl acrylamide) (pNIPAM) has been widely studied because of its large swelling ratio in a sharp phase transition [133,152,153,154,155]. In pNIPAM, dimensions significantly change with temperature, and then the inclusion of Au NPs in them produces a hybrid nanocomposite with on-demand shape-morphing properties. In [154], authors fabricate valves using two kinds of plasmonic NPs embedded in poly(NIPAM-co-acrylamide), namely Au nanospheres and nanoshells, absorbing at 532 and 832 nm, respectively. In this way, the microfluidic device has two independent controlled valves. Furthermore, microactuators can be fabricated by exploiting the pNIPAM and NPs, when the system is illuminated with a patterned light by an optical fiber [153] or an optical mask [133,154]. In this way, it was possible to move the actuator by locally illuminating and then remotely controlling the swelling/deswelling of the hydrogel. Moreover, a 3D structure could be generated by the photothermal fabrication of a thermo-crosslinking material as the poly(NIPAM-co-acrylic acid derivative) hydrogels [156]. Sensing with plasmonic hydrogel nanocomposites can be achieved by exploiting all the sensing mechanisms highlighted in the previous sections: the sensitivity to RI in the immediate NPs surroundings [157,158], the NPs aggregation in LSPR-based sensing [25,159], the SERS effect for a label-free detection [160], or the MEF mechanism for labeled biomolecules [36]. As stated in the previous sections, in LSPR sensing, gold NPs are usually preferred to silver NPs because they generally show a lower oxidative susceptibility than Ag NPs, which occur when they come in contact with solvents and biomolecules [21,161]. Moreover, the functionalization and the biocompatibility of Au NPs have been widely documented [104,162]. Unfortunately, the colloidal NP aggregation requires several stabilization steps to avoid non-specific aggregation. For example, degradation and/or spontaneous aggregation of citrate AuNPs occurs in the presence of salts (i.e., NaCl solutions, phosphate-buffered saline (PBS) or K buffer), of organic solvents, and strongly acidic or basic pH [94,95,163]. Moreover, NP aggregation sensing is generally developed in colloidal solutions, which severely limits its practical application. To overcome chemical stability problems and oxidative susceptibility of silver nanoparticles, a promising strategy has been the inclusion of plasmonic NPs within hydrogels [158,164,165]. These platforms have been proven to preserve NP stability and maintain their optical functionality as plasmonic sensors. Moreover, plasmonic NPs embedded in polymeric materials do offer a promising strategy to overcome the expensive, complex, and time-consuming fabrication techniques generally required to produce sensitive plasmonic nanoarrays. Furthermore, 3D nanocomposites give rise to nanoplatforms with enhanced surface-area-to-volume ratio, analytical performance, and physicochemical stability of functionalization NPs [166,167,168]. In [158], a 3D nanocomposite hybrid platform based on the combination of citrate gold NPs and poly-(ethylene glycol) diacrylate (PEGDA) hydrogel was proposed for LSPR biosensing. By exposing the proposed flexible nanocomposite to buffers and organic solvents, the authors showed that the stability of gold NPs increased when embedded in the hydrogel network compared to the corresponding colloidal aqueous solutions. Moreover, the optical detection of biotin was proved by modifying with a cysteamine the Au NPs embedded into the nanocomposite. Recently, Miranda et al. [36] presented another PEGDA-based biosensor containing spherical citrate–gold NPs able to detect the biotin–streptavidin (SA) interaction down to 10−12 M concentrations. The originality of the sensor pointed to the fabrication strategy that provided a large-scale, versatile, easy, and low-cost biosensing flexible platform with applications in biomedical or environmental diagnostics. The innovative hydrogel-based sensor was optically stable due to the enhancement of stability of the embedded citrate–gold NPs. In this case, the changes in the absorption spectrum result from the large swelling of the high molecular weight PEGDA interacting with solutions containing molecules with high molecular weight. Moreover, it provides dual-optical sensing; the quantitative determination of the analyte exploits both LSPR and metal-enhanced fluorescence of Cy3-labeled SA using biotin functionalized NPs for MEF-based sensing (Figure 5a). Similarly, a biosensor with a quantitative LSPR response based on polyvinyl pyrrolidone (PVP) hydrogel and silver NPs functionalized with glucose oxidase (GOx) was presented in [165]. A decrease in NP absorption spectrum proportional to the concentration of glucose was reported and explained by the increase in the distance between the NPs. In fact, due to the high affinity of glucose and GOx and the presence of the anionic reduced FAD species, an enhancement in the swelling ratio of the hydrogel was observed, and the NPs’ average distance increased proportionally with the concentration of glucose, thus affecting the optical spectrum. The high sensitivity of the sensor led to an LOD of 10 pM. Among the hybrid colorimetric sensors, the one proposed in [169] showed a strong shrinkage and color variation in the presence of the influenza A virus. The proof of concept was fabricated from a prepolymer solution with diazide-poly(ethylene) glycol (PEG) with 6 kDa molecular weight and polyol-based hydrogel of dendritic polyglycerol cyclooctyne (dPG) with 10 kDa molecular weight. Finally, sialic acid stabilized Au NPs were incorporated into the hydrogel during polymerization. The resulting sensor exhibited high specificity and affinity for the hemagglutinin protein present in the influenza A virus. The combination of NPs with hydrogels has been adapted also for SERS sensing. Hydrogels allow the trapping of NPs, forming many hotspots, and the analyte is free to access the NPs through diffusion while using 3D physical supports. One hydrogel–NP combination used for SERS-based sensing is that which exploits the reversibility properties in drying and rehydration of agarose together with the sensing properties of silver NPs [170,171]. In particular, the reversibility of agarose is exploited to promote the mobility of the NPs to use them as dynamic hotspots. At the same time, the porosity of the agarose acts as a physical trap for the analyte molecules, which can be also released with rehydration. Furthermore, SERS-based hydrogel–NP nanocomposite systems can be used for sensing and imaging. In this case, the three-dimensional data were added to the quantitative relationship, since the hydrogel blocked the sensitive plasmonic NPs and detected the position data together with the quantity of analyte. Furthermore, systems consisting of pNIPAM and Au nanorods have been studied in [172] and [137]. In particular, in [172], a bacterial culture of Pseudomonas aeruginosa was incorporated in pNIPAM, containing in turn Au NPs functionalized for the detection of pyocyanin, closely related to the quantity of biofilm.



In this case, pNIPAM was shown to be compatible with the biofilm culture and allowed the diffusion of nutrients. However, the 3D data resolution was affected by the biofilm growth and the high diffusion properties of pNIPAM involving the pyocyanin position. A similar system was used in [137] for the detection of two different and coexisting bacterial colonies trapped in an agar multilayered system in which thin agar layers were alternated with layers decorated with Au NPs. In particular, the decorated agar layers were used for the quantitative and positional detection of pyocyanin and violacein, produced by P. aeruginosa and Chromobacterium violaceum, respectively. In this case, the diffusivity of the agar, which was lower than that of the pNIPAM, allowed a better spatial resolution proven by the correct identification of the specific biofilm, while still allowing the right supply of nutrients. Finally, in [173] a similar successful multiplexing sensing platform was designed by using Ag NPs embedded in circular and square PEGDA microparticles coated or functionalized to detect human serum albumin (HSA) and glucose, respectively. Shaped PEGDA microparticles were realized by photolithography and then decorated with Ag NPs, and finally appropriately coated/functionalized. The selectivity was confirmed by Raman mapping, where different shape microparticles reveal different spectral patterns. The proof of concept was performed in assay with concentrations ranging in the dynamic range from 1 pg/mL to 1 μg/mL for both glucose and HSA. No crosstalk was detected (Figure 5b). Therefore, the field of plasmonic polymer nanocomposites is offering several strategies for the detection of different biomarkers with features combining both plasmonic colloids and nanoarrays, and with LODs and sensitivities comparable to them.





5. The Evolution of Plasmonic Nanosensors: The Role of Microfluidics and Microelectronics for Point-of-Care Testing Devices


In recent years, an increasing demand for portable biosensors has been observed. Among optical biosensors, plasmonic biosensors represent the most developed biosensing technology [174,175,176]. However, in order to produce point-of-care (POC) devices that exhibit easy modes of use, compact size, and limited cost, it is important to combine the LSPR biosensor with microfluidics and microelectronics [177,178]. The coupling of optics and microfluidics offers several advantages. Microfluidic chips are used to consume small volumes of reagents and samples and show a higher efficiency due to short mixing times and fast system responses (Figure 6a). The advantages of integrating LSPR chips with microfluidic systems also include miniaturization, low cost, and high throughput [179,180,181,182]. Finally, this combination can enable simultaneous analysis and processing of multiple analytes [183]. One must, furthermore, add data processing technologies and visualization of the analysis results. CMOS electronics and smartphones are the possibly exploitable technologies to succeed for this purpose (Figure 6b). In particular, smartphone-based optical biosensors perform the high quality of the integrated camera as a detector, replacing expensive spectrophotometers and laboratory microscopes [184]. However, to commercialize these devices, many aspects have to be optimized. First, optical biosensors are sensitive to changes in environmental conditions that affect signal stability. The reproducibility of the signal must be guaranteed by the optical connections, and the reproducibility of the transduced signal must be guaranteed by the smartphone. A crucial point is to create a reliable and stable connection to work with common smartphones. The smartphone, not being managed by professionals, should be easy-to-use, providing readable results. In addition, smartphones from different manufacturers can often have diverse characteristics, which lead to statistically different results. Therefore, more tests to validate the goodness of the optical device on various smartphones are needed. Secondly, the application installed on the smartphone should be user-friendly and return univocal results. The first example of these systems for the real-time detection of proteins, such as transferrin and immunoglobulin (IgG), is presented in [185]. In detail, a plasmon resonance sensor was fabricated using 1.5 cm long capillaries and AuNPs. The capillaries were treated with a Piranha solution, and then their surface was treated with different chemicals by capillarity, first with PDDA (diallyl dimethylammonium chloride), and then with sodium-p-styrenesulfonate (PSS), allylamine hydrochloride (IPA), and PAH. The positively-charged capillaries easily accommodate AuNPs. Next, the LSPR capillary platform was functionalized via MUA and immersed in an aqueous solution of EDC/NHS for 30 min. Finally, the sensor was immersed in an aqueous anti-transferrin/protein A solution of 0.1 mg/mL, rinsed with phosphate-buffered saline (PBS, pH 7.4), and blocked using bovine serum albumin (BSA, 0.1 mg/mL). The structure of the plasmonic detection device included two connectors, which linked two optical fibers to the capillary LSPR sensor, which were then together connected to a LED, whose selected emission wavelength was 595 nm. Two complementary metal-oxide semiconductor (CMOS) image sensors connected to a laptop were used to monitor the light scattered through the capillary walls, the transmitted light, and the light exiting the optical fibers. The sidewalls of the capillaries and the ends of the fibers were selected as regions of interest (ROIs). Labview software was used for data acquisition, processing, and ROI selection. The intensity of the ROI was exploited to calculate the LSPR response of the sensor. With the system on, all the images were captured and processed. To detect the interaction between antibody and antigen, transferrin and IgG were diluted in PBS and injected into the reference channels. When the antibody binds to the antigen on the surfaces of the AuNPs, an increase in the refractive index around the particles’ surfaces occurs. The intensity of the optical response in the ROI of the capillaries’ sidewalls increases only if the antibody is present. The combination of the LSPR sensor and CMOS technology is well suited for the detection of multiple analytes. Another example of an integrated optics and microfluidics sensor was developed for real-time cytokine biomarker detection [186]. In this case, the sensor was developed with eight parallel microfluidic channels, orthogonal to six meandering strips of antibody-functionalized ensemble AuNRs. Six functionalized AuNR strips were conjugated with six different cytokines: interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-10 (IL-10), interferon-gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-R). By using dark-field imaging scanning optics, it is possible to visualize scatter light intensity next to the AuNRs array. This sensor can monitor the inflammatory response of newborns after cardiopulmonary bypass surgery (CPB) by monitoring changes in their serum cytokines over time. This device overcomes the recurring technical limitations and shows a high sensitivity of cytokines up to 520 pg/mL concentrations. Another important application of these point-of-care devices concerns drug dosing. A handheld and portable setup that exploits the phenomenon of transmission-localized surface plasmon resonance (T-LSPR) is presented [187]. This novel device is composed of off-the-shelf components. The T-LSPR setup consists of gold nanoislands (AuNIs) functionalized with specific aptamers to recognize the antibiotic tobramycin. The microfluidic structure consists of a slide with the AuNIs and two independent channels. AuNIs were realized on a pre-coated slide with FTO (fluorine-doped tin oxide) to ensure stability (Figure 6c). An in-depth description of the realization of this technology can be found in Refs. [188,189]. To subsequently functionalize the surface of the AuNIs, the covalent sulfur–gold interaction is exploited. After this process, the slides are incubated for sixteen hours with tobramycin-specific DNA aptamer solutions in PBS. The measurement set-up consists of white light LED and a CMOS image sensor. The measurement process is straightforward, as the transmitted light through the spindles, which contains information about the plasmonic phenomenon, arrives at the CMOS detector through a lens. For this reason, the CMOS sensor plays a fundamental role. Thanks to that, it is possible to photograph a large area and distinguish the different regions; this will be useful for the last analysis. This device, contained in a small 3D printed case, can detect, in real-time, up to 0.5 µM tobramycin and represents an evolution in the field of biosensing and real-time monitoring of drug dosages. Another device, able to overcome the limitations of the developing point-of-care devices based on the LSPR phenomenon, is presented in [190]. Integrating the microfluidic chips with the POC systems and the LSPR chips is one of the biggest problems, along with increasing the sensing sensitivity and the mass fabrication of metal nanostructures on the substrate.



The presented device overcomes some of these limitations and problems. In fact, for one thing, the plasmon shift is not monitored, but the plasmon field excites a fluorescence signal of the dyes bound to the analyte, improving the detection sensitivity up to 10 times. To maximize the fabrication of metal nanostructures, a printed 4″ nickel wafer was fabricated by electroplating. The process is well described in [192]. The metal structures that allow for the exploiting of the LSPR phenomenon are gold nanopores, and the fluorophore Alexa-Fluor 647 was used. In this particular case, immobilization of the anti-PSA antibody led to revealing the presence of PSA. The technique used for immobilization is dual polarization interferometry. To realize the POC system, a microfluidic chip was inserted into a system of micro-pumps controlling the flow. This POC system, unlike others, is very compact, so much so that a smartphone camera can be used as a CMOS imaging IC. Kim et al. presented a smartphone-based sensor for colorimetric analysis of hematocrit with an LOD of 0.1% [191]. In this case, the smartphone camera catches images of the blood present in the microchannel, and the resulting data are analyzed using a dedicated app. Specifically, the blood was diluted with plasma to have different hematocrit concentrations and then loaded into the microchannel with a PDMS micropump. Blood images were processed by the grey-scale-valuation relative to each pixel, which increases as the hematocrit levels increase (Figure 6d). The presented work is an example of how, once again, the optical platform, microfluidics, and smartphone can work together to make POC devices. Considering those just listed, it is clear how the use of those technologies can benefit the process of diagnosis and drug-dosing by making the process faster, more reliable, and easier to access for everybody.




6. Conclusions and Future Perspectives


In this review, we reported on the fabrication, characterization, and application of plasmonic nanomaterials in biomedicine, mainly focusing on biosensing, bioimaging, and drug delivery monitoring. We summarized colloid, nanoarray, and hydrogel nanocomposites design and engineering to produce diagnostic platforms to be operated in vitro as well as in vivo, which are easy-to-use, highly specific, and sensitive. We highlighted the tendency of researchers to push down the LOD and accuracy of the proposed platforms and to still keep low costs. It was demonstrated that the intrinsic optical features of plasmonic nanoparticles are strongly dependent on the size, shape, and composition of the NPs themselves, which can be tuned according to the desired applications. For instance, NPs exhibiting sharp plasmonic resonances are the ideal candidates to design LSPR-based sensors; the figure of merit (FOM) clearly describes the capability of an optical transducer to undergo a measurable peak shift even for very small changes of the refractive index. Vice versa, plasmonic NPs with broad resonances (with large FWHM) represent the ideal plasmonic nanoantennas for external signal amplification (SERS and MEF-based sensing mechanisms). Despite all the reported fabrication strategies and ultra-high performances achieved by the proposed devices, it seems that the technology transfer remains the main bottleneck of the establishment of plasmonics as a gold standard in the biosensing community [193]. Therefore, the real application of the described devices will be possible only when the proposed technologies will be made intuitive, largely understandable, and reliable, also by non-specialized personnel. Moreover, the integration of these devices within microelectronics and microfluidics components could represent the best strategy to evolve from a simple transducer to a smart point-of-care testing device encompassing rapid, easy-to-handle, and portable devices, which could give affordable results by using tiny volume samples, thus reducing the invasiveness of the gold standard biochemical assays. We expect that plasmonic transducers based on colloids, nanoarrays, and nanocomposites will become a leading technology in biomedical applications in the next years.
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Figure 3. (a) From left to right: a plasmonic 2D nanostructure based on a periodic arrangement of iso-Y gold NPs, electric field enhancement simulations, and detection of imidacloprid pesticide achieving an LOD of 1 ng/mL. Adapted with permission from Ref. [106]. Copyright (2021), Royal Society of Chemistry. (b) From left to right: detection scheme of PSA through aptamers covalently bound to gold atoms. SEM image of gold nano-disks on a glass substrate. A linear relationship between lambda max shifts and the change of PSA concentration for two gold substrates having different concentrations of DNA aptamers. The dotted lines are the theoretical curves, while the continuous lines are the experimental curves. Adapted with permission from Ref. [108], Copyright (2018), Elsevier. (c) From left to right: detection scheme of 25-hydroxyvitamin D3, by gold nanorods (AuNRs) immobilized on a glass substrate. SEM image of AuNRs. 25-Hydroxyvitamin D3 detection by AuNRs based on lambda max shifts for a wide range of concentrations (0.1–105 ng/mL). Adapted with permission from Ref. [112], Copyright (2021), Elsevier. 
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Figure 4. (a) From left to right: SEM image of a gold NP nanoarray for SERS detection of IL. The SERS signals prove the recognition of the target IL-6 in serum via corresponding changes of the output Raman intensity ratio (I660/I736) in the concentration range 10−12–10−7 M. The proposed nanoarray is reported to give results comparable to ELISA tests in serum. Adapted with permission from Ref. [119]. Copyright (2021), Elsevier. (b) From left to right: SEM image of the AuNP hexagonal array self-assembled on the top of a glass coverslip; experimental extinction spectrum of the substrate (green continuous line) and theoretical simulation of the optical response provided by the substrate morphology as measured by SEM (gold continuous line); on the same graph, the excitation and emission peaks of Cy5 (blue and red dashed lines) are reported; calibration curve (fluorescence intensity vs. PfLDH concentration in spiked human blood) of the immunoassay for PfLDH concentration in the dynamic range from 35 fg/mL to 3.5 μg/mL. The MEF substrate is reported to be highly specific, as confirmed by specificity tests (** p-value < 0.001). Adapted with permission from Ref. [35], Copyrigh (2020), Springer Nature. (c) From left to right: SEM image of gold nanorods (GNRs) of different sizes; simulation of the electromagnetic field distribution of the gold nanorods array (side view). Calibration curve of GNR nanoarray-based DNA chip as a function of the increasing target ssDNA concentration. Adapted with permission from Ref. [121]. Copyright (2017), American Chemical Society. 
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Figure 5. (a) Schematic representation of the dual mode plasmonic hydrogel transducer based on PEGDA and spherical gold NPs. On the left, the label-free sensing of streptavidin concentration [SA] is realized by absorption spectroscopy of the gold NPs functionalized with biotin. The absorbance variations as a function of the streptavidin concentration are due to the swelling of a high molecular weight hydrogel. On the right, the sensing of the Cy3-labeled streptavidin concentration [Cy3-SA] is realized by metal-enhanced fluorescence sensing mode. Adapted from Ref. [36]. Copyright (2022) The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH. This article is distributed under a Creative Commons Attribution (CC-BY) license. (b) Immunoassay using Ag nanoparticles/hydrogel microparticles and SERS nanotag. On the left, a schematic illustration of the immunoassay process for the detection of target proteins is reported. On the right, SERS spectra acquired from a sandwich immunoassay using different concentrations of HSA and IgG are illustrated. Adapted with permission from Ref. [173], Copyright (2021), Elsevier. 
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Figure 6. (a) LSPR wearable colorimetric sensor to detect humidity. Adapted with the permission from Ref. [177], Copyright (2017), John Wiley and Sons. (b) Microscope image of a sensor made to acquire 128 real-time optical sensor outputs simultaneously. Adapted with the permission from Ref. [183]. Copyright (2019), Elsevier. (c) From left to right: schematic representation of the T-LSPR set-up, side view with relative distances between components, and final complete device. Adapted with the permission from Ref. [187]. Copyright (2015), American Chemical Society. (d) Schematic representation of the microfluidic device and its realization for colorimetric analysis of blood hematocrit. Adapted with the permission from Ref. [191]. Copyright (2017), Elsevier. 
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Table 1. Examples of LSPR-based colorimetric biosensors.
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	Material
	Shape
	Size (nm)
	Analyte
	Linear Range
	Sensitivity
	LOD
	Ref.





	Gold
	Spherical
	9
	PSA
	0.2–1 ng/mL
	43.75 nm/(ng mL−1)
	0.2 ng/mL
	[50]



	Gold/Silver
	Spherical
	4
	Glucose
	5–70 µM
	
	3 µM
	[54]



	Gold
	Spherical
	8 ± 3
	Glucose
	0.3–1.2 mg/mL
	0.13 ± 0.06

a.u./(mg mL−1)
	7.3 ± 0.3 mg/mL
	[55]



	Gold
	Spherical
	43
	V. cholerae O1
	10–104 CFU/mL
	
	10 CFU/mL
	[60]



	Gold/Silver
	Nanostars
	55 ± 5
	Alkaline phosphatase (ALP)
	1.0 pM to 25 nM
	
	0.5 pM
	[59]



	Gold
	Spike-like nanoparticles
	
	Hemagglutinin
	1 pM to 10 nM
	
	1 pM
	[62]



	Gold
	Spherical
	55 ± 5
	SARS-CoV-2 viral RNA
	0.2–3 ng/μL
	
	0.18 ng/μL
	[64]



	Gold
	Spherical
	16
	SARS-CoV-2 spike antigen
	
	0–1000 ng/mL
	48 ng/mL
	[65]
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Table 2. Examples of LSPR-based plasmonic nanoarrays.
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	Material
	Array Structure
	Fabrication Method
	Analyte
	Linear Range
	Sensitivity
	LOD
	Ref.





	Gold
	Periodic iso-Y NPs
	EBL lithography
	Imidacloprid
	1–1000 ng/mL
	412 nm/RIU
	1 ng/mL
	[106]



	Gold
	Single-layer four-channel microfluidic device
	Physical vapor deposition + rapid thermal annealing
	IgG and CRP
	
	108.9 ± 1.3 nm/RIU
	
	[107]



	Gold
	Nanodisk arrays
	Deposition on glass slides
	PSA
	1.7–20.4 ng/mL
	113 nm/RIU
	1.49 ng/mL
	[108]



	Silver
	Nano-columns
	Glancing angle deposition
	PSA
	0.5–24 ng/mL
	134 nm/RIU
	850 pg/mL
	[110]



	Gold
	Nanorods
	Seed-mediated growth method
	25-hydroxyvitamin D3
	0.1–105 ng/mL
	
	0.1 ng/mL
	[112]



	Gold
	Heteroassembled nanoparticles
	Nanoseed growth on glass substrate
	Hepatitis B virus
	
	
	100 fg/mL
	[113]



	Gold
	Nanospikes
	Electrodeposition
	Anti-SARS-CoV-2 spike protein antibodies
	
	183 ± 10 nm/RIU
	0.08 ng/mL
	[115]
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Table 3. Plasmonic nanoarrays for MEF- and SERS-based biosensors.
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	Material
	Array Structure
	Detection Method
	Analyte
	Linear Range
	LOD
	Ref.





	Gold
	Nanoparticles
	SERS
	Interleukin-6
	10−12–10−7 M
	0.8 × 10−12 M
	[119]



	Gold
	Closely-packed octahedra array
	SERS
	let-7a miRNA
	10 aM to 10nM
	5.3 aM
	[120]



	Gold
	3D nanopopcorn
	SERS
	influenza A/H1N1 virus
	0–75,000 PFU/mL
	97 PFU/mL
	[122]



	Gold
	Nanoislands
	MEF
	Alexa Fluor® 546-IgG
	4.3–1000 ng/mL
	4.3 ng/mL
	[34]



	Gold
	Nanoislands
	MEF
	PE-Cy7-IgG
	30.4–1500 ng/mL
	30.4 ng/mL
	[34]



	Gold
	Nanopillars
	MEF
	procalcitonin
	0.1–10 ng/mL
	0.5 ng/mL
	[127]



	Gold
	Nanoparticles
	MEF
	Plasmodium falciparum lactate dehydrogenase
	35 fg/mL to 3.5 µg/mL
	1 pg/mL
	[35]
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