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Abstract

:

This work reports on the surface functionalization of a nanomaterial supporting localized surface plasmon resonances (LSPRs) with (synthetic) thiolated oligonucleotide-based biorecognition elements, envisaging the development of selective LSPR-based DNA biosensors. The LSPR thin-film transducers are composed of noble metal nanoparticles (NPs) embedded in a TiO2 dielectric matrix, produced cost-effectively and sustainably by magnetron sputtering. The study focused on the immobilization kinetics of thiolated oligonucleotide probes as biorecognition elements, followed by the evaluation of hybridization events with the target probe. The interaction between the thiolated oligonucleotide probe and the transducer’s surface was assessed by monitoring the LSPR signal with successive additions of probe solution through a microfluidic device. The device was specifically designed and fabricated for this work and adapted to a high-resolution LSPR spectroscopy system with portable characteristics. Benefiting from the synergetic characteristics of Ag and Au in the form of bimetallic nanoparticles, the Au-Ag/TiO2 thin film proved to be more sensitive to thiolated oligonucleotide binding events. Despite the successful surface functionalization with the biorecognition element, the detection of complementary oligonucleotides revealed electrostatic repulsion and steric hindrance, which hindered hybridization with the target oligonucleotide. This study points to an effect that is still poorly described in the literature and affects the design of LSPR biosensors based on nanoplasmonic thin films.
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1. Introduction


Localized surface plasmon resonance (LSPR) is a phenomenon observed when metallic nanoparticles (NPs), typically gold or silver, interact with light [1,2]. This interaction results in the collective oscillation of free electrons at the NP surface [3], leading to the enhanced absorption and scattering of light [4,5]. The resonance frequency in LSPR is tunable and depends on various factors including the size, shape, composition, and local environment surrounding the NPs [6,7]. These unique optical properties have found applications in sensing [8,9], spectroscopy [10,11,12], imaging [13,14], and photothermal therapy [15,16], among others.



In the past few years, LSPR-based transducers have been exploited for the development of biosensors [17,18,19], but although powerful, they lack inherent selectivity toward specific analytes [20,21]. Biorecognition elements such as antibodies, enzymes, and oligonucleotides are employed to impart selectivity to biosensors [22,23]. The use of thiolated (R-SH) molecules is the preferred method for bonding biorecognition elements to noble metal NP surfaces [24,25]. The interaction between the Au NP surface and sulfur atoms in thiol-containing molecules has gained significant breakthroughs in the field of nanobiotechnology [26] as it enables the precise and stable attachment of biorecognition elements [27]. This covalent linkage, known as the thiolate-gold bond, ensures robust attachment and preserves the activity of the biorecognition elements [28].



The conventional synthesis of NPs displaying LSPR involves the chemical reduction of metal salts, seed-mediated growth approaches [29,30], or physical methods such as laser ablation and sputtering [31,32,33]. However, thin films containing these NPs dispersed in a dielectric matrix offer versatile platforms for LSPR-based transducers [34]. Reactive direct current (DC) magnetron sputtering deposition, followed by thermal annealing treatment to induce the growth of NPs, provides a successful method to prepare nanocomposite surfaces sensitive to environmental changes [35].



In a previous study, the functionalization of Au/TiO2 thin films was reported, aiming at the production of sensitive LSPR-based optical transducers [36]. Streptavidin and biotin conjugated with horseradish peroxidase (HRP) were chosen as the model receptor–analyte to prove the efficiency of the immobilization method and to demonstrate the potential of the LSPR-based biosensor. However, it was found to have a relatively low LSPR response associated with the low sensing ability of the Au/TiO2 LSPR platform (bulk refractive index sensitivity, RIS = 33 nm/RIU). Thus, the developed sensing platform only presented an LSPR response in the presence of the ideal concentration of the analyte. Therefore, the sensitivity enhancement of these nanocomposite thin films has been a primary goal in subsequent work [34]. This implied tailoring the film’s structure and composition by changing different production conditions to enhance the LSPR signal, and hence the sensitivity. To achieve this, the deposition process was optimized, which includes incorporating bimetallic Au-Ag NPs and optimizing preparation conditions. Therefore, the sensitivity of the LSPR-based platform was greatly improved compared to the previous work mentioned [36].



The present work explores the functionalization of optimized nanoplasmonic Au-Ag/TiO2 thin-film transducers with thiolated oligonucleotide probes. A microfluidic device module was fabricated in polydimethylsiloxane (PDMS) to deliver the solution, allowing the study of the thin film’s surface/probe interaction by LSPR spectroscopy in real-time.



The use of oligonucleotides as biorecognition elements can provide a more direct approach to biosensing without using intermediaries such as biotin-streptavidin. A synthetic oligonucleotide, which is a sequence like the genome of the pathogen Legionella pneumophila, was selected as the recognition element, envisaging the development of sensitive and selective LSPR-based DNA biosensors. L. pneumophila is the Gram-negative bacterium responsible for Legionnaires’ disease, a severe respiratory ailment transmitted through contaminated water droplets [37,38,39]. The global increase in L. pneumophila epidemics emphasizes the need for advanced diagnostic methods [40,41], given the limitations of traditional methods such as culture-based testing and PCR [42,43,44].




2. Materials and Methods


2.1. Preparation and Characterization of Plasmonic Thin Films Containing Noble Metal NPs (Au, Ag) Dispersed in TiO2


2.1.1. Thin-Film Deposition by DC Reactive Magnetron Sputtering


Custom-made reactive DC magnetron sputtering equipment was used to prepare the nanoplasmonic thin films composed of Au and Au-Ag NPs dispersed in a TiO2 dielectric matrix. The sputtering target was composed of titanium (99.99% purity) in a rectangular shape (200 × 100 mm2) with noble metal pellets placed in the target’s erosion track. To produce Au/TiO2 thin films, two pellets of Au that were 8 mm2 each were symmetrically placed in the titanium target. To obtain a thin film with an approximate 1:1 ratio of Au to Ag, a pellet of 8 mm2 of Au and a pellet of 4 mm2 of Ag were placed centered with the target erosion track. This area relation was achieved in previous optimizations of the films. The target was sputtered at a current density of 75 A/m2 in a plasma composed of Ar (3.8 × 10−1 Pa) and O2 (3 × 10−2 Pa) for 12 min to obtain a thin-film thickness of approximately 40 nm for both the Au/TiO2 and Au-Ag/TiO2 films (see Supplementary Materials for cross-sectional micrographs). The working pressure was 4.1 × 10−1 Pa, while the base pressure of the system was always below 6.0 × 10−4 Pa.



The thin films were deposited onto fused quartz (SiO2), quality JS1 purchased from Neyco Vacuum and Materials (92170 Vanves, France), with 25.0 × 9.0 mm2 for characterization, optical measurements, and immobilization experiments, and NaCl for the STEM analysis. The substrates were previously cleaned and activated with plasma using a Zepto plasma system (Diener Electronic, Ebhausen, Germany) with a 13.56 MHz generator at 50 W of power, first in an O2 atmosphere (60 Pa) for 5 min, followed by an Ar atmosphere (60 Pa) for 15 min.




2.1.2. In-Vacuum Thermal Annealing Treatment to NPs Growth


The thin films were subjected to a post-deposition annealing treatment to induce the formation and growth of NPs throughout the TiO2 matrix and achieve LSPR responses. This thermal treatment was performed in a vacuum furnace with a base pressure of 8 × 10−6 Pa. The protocol consists of a heating ramp, steps of 5 °C/min until it reaches the desired temperature, an isothermal period of 5 h at 400 °C, and a last step of free cooling until it reaches room temperature.




2.1.3. Chemical, Morphological, and Optical Characterization of Nanoplasmonic Thin Films


Rutherford backscattering spectrometry (RBS) was used to confirm the in-depth chemical composition of the thin films that were produced. The measurements were performed with a 2 MeV 4He+ beam, spotted in a 1 mm2 area, with angles of incidence of 0° (normal incidence) and 25°. Three detectors were placed in the equipment chamber: a standard at 140° and two pin-diode detectors located symmetrical to each other at 165° of scattering angle. The RBS data were analyzed with Ion Beam Analysis DataFurnace NDF v9.6i and according to algorithms developed by Barradas et al. [45,46,47].



Transmittance spectra of the thin films were measured before and after annealing in the range of 300 to 900 nm to confirm the presence of LSPR bands. These measurements were made on a UV-2450(PC) spectrophotometer from Shimadzu Corp (Kyoto, Japan).



Transmission electron microscopy (TEM) was used in the morphological analysis to obtain images of the NPs after thin-film annealing. This was performed under high-vacuum with an FEI-TITAN ETEM microscope from the INSA-Lyon Institute (Villeurbanne, France). The analysis was performed in high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) mode. Additionally, the noble metals present on the bimetallic nanoplasmonic thin films were mapped with electron diffraction spectroscopy (STEM-EDX) using an X-MAX EDX detector from Oxford Instruments (Abingdon, UK) to demonstrate the presence of bimetallic Au-Ag nanoparticles in the thin film.





2.2. Fabrication of the Microfluidic Device and Connection to LSPR Spectroscopy System


Two different components were developed and fabricated for the immobilization experiments: the microfluidic channel, responsible for delivering the SH-oligonucleotide probe solution to the desired area using minimal quantities, and a custom optical measurement apparatus to couple with the LSPR spectroscopy system: a modular spectrophotometer and light emitting diode (LED) light source.



2.2.1. Microfluidic Channel Development


The microfluidic channel was fabricated in PDMS by replica molding using SU-8 photosensitive resin molds, fabricated through a cost-effective ultraviolet (UV) photolithography process without the need for cleanroom facilities and using conventional UV exposure equipment [48]. The microfluidic channels were designed using computer-aided design (CAD) software (Autodesk Fusion 360 v.2.0.18719) and printed in photomasks, which were used in the UV photolithographic process. The dimensions of the microfluidic channel are depicted in Figure 1a. The thickness of the fabricated microfluidic channel was approximately 100 µm.



The PDMS microfluidic channel was sealed on the thin film using O2 plasma treatment. Both the thin films and the microfabricated PDMS fluidic channel were exposed to O2 plasma (60 Pa) for 30 s at 15 W to promote the bonding of the microfluidic channel to the thin-film surface (Figure 1b), following an established protocol [49].




2.2.2. Microfluidic Module Development and Alignment with LSPR Spectroscopy System


For the optical measurement system, a custom homemade holder was designed specifically to hold the PDMS microfluidic channel and ensure their alignment with the optical detection system using CAD software SolidWorks 2022 SP02. It was further 3D printed in an RBX01 3D printer from Cel Robox (Portishead, United Kingdom) (Figure 1c,d).




2.2.3. Transmittance LSPR Spectroscopy System (Hardware and Software)


A white LED light source and a RES+ modular spectrophotometer, both purchased from SARSPEC, Lda. (Vila Nova de Gaia, Portugal), were connected by optical fibers to the sensing module, allowing real-time monitoring of the immobilization experiments with SH-oligonucleotide. The spectrophotometer was especially designed for acquiring high-resolution data in the wavelength range of 420 to 720 nm, where the LSPR response of Au and Au-Ag NPs in the TiO2 matrix occurs. The spectra were acquired with an integration time of 3 ms and an average of 200 scans. The resulting data were processed using NANOPTICS v.31 [50] software, which allows for quick processing of the data by fitting a 9th-order polynomial function to the spectral data, and follows the evolution of the LSPR band with the presence of DNA-based biorecognition elements.





2.3. Immobilization of Thiolated Oligonucleotide on Nanoplasmonic Thin Films


2.3.1. Probe Selection


For the immobilization experiments, Tris-EDTA (TE) buffer was prepared with a pH of 8.0 for use as a washing solution and to prepare and store the aliquots. As a biorecognition element, a synthetic single-stranded oligonucleotide probe of the macrophage infectivity potentiator (mip) gene was selected (5′-ATAGCATTGGTGCCGATTTGGGGAAGAA). This sequence was chosen because it is only present in the mip gene of Legionella pneumophila, rendering the probe species-specific, and it has already been validated in the literature in the development of biosensors for the detection of this pathogenic bacteria [51,52]. This synthetic single-stranded oligonucleotide was purchased from Eurofins Genomics with a thiolated 3′ end (SH-oligonucleotide). A complementary oligonucleotide sequence (target-oligonucleotide) for the SH-oligonucleotide (5′ TTCTTCCCCAAATCGGCACCAATGCTAT) was also purchased from Eurofins Genomics, to be tested as the analyte.




2.3.2. Optimization of Immobilization Conditions Using LSPR Sensing Response


Before the immobilization attempts with the biorecognition elements, the thin films were plasma-activated using Ar plasma treatment (Diener Electronic, Ebhausen, Germany) to erode the film’s surface, exposing the embedded NPs, as reported in previous studies [53].



Preliminary testing of SH-oligonucleotide immobilization on the surface of the nanoplasmonic thin film was conducted. For both Au and Au-Ag/TiO2 thin films annealed at 400 °C, the assay started with baseline measuring with TE buffer (pH 8.0) for 15 min, followed by the addition of 0.1, 0.5, and 1.0 nmol of SH-oligonucleotide each for 60 min, followed by washing the microfluidic channel with TE buffer.



The following experiment consisted of determining the probe’s saturation point on the surface of the NPs. For this, a baseline with TE buffer (pH 8.0) was measured for 35 min. Then, 0.2 nmol of SH-oligonucleotide was successively added through the microfluidic channel every 30 min until it reached a total of 1.0 nmol on the surface of the thin film. Finally, the system was washed with TE buffer (pH 8.0).



The effect of the incubation time was evaluated by the one-time addition of 0.5 nmol of SH-oligonucleotide to the thin film and monitoring the LSPR band for 90 min. The system was washed with TE buffer (pH 8.0) to end the surface reactions.



The detection of the target-oligonucleotide sequence was tested in the thin films functionalized with an SH-oligonucleotide probe by adding 0.1 nmol of the analyte through the microfluidic channel every 30 min after a baseline with TE buffer (pH 8.0) for 15 min. Afterward, the system was washed with TE buffer.



Each experiment was performed several times independently. The displayed data were consistent within the experiment.




2.3.3. Hybridization Events Studies with Complementary Oligonucleotide Probes


For confirmation of the complementarity and hybridization of the SH-oligonucleotide probe to the target-oligonucleotide, a native polyacrylamide gel electrophoresis (PAGE) was performed. A gel with 20% polyacrylamide was prepared. As a DNA marker, the DNA ladder 1 kb Plus DNA Ladder from Thermofisher was used. Three wells of the electrophoresis were used: one for SH-oligonucleotide, another for the target-oligonucleotide sequence, and the last for a mix of the SH-oligonucleotide and target-oligonucleotide sequence. The coloration was performed by silver staining [54].






3. Results


3.1. Nanoplasmonic Thin Film Characterization


In this work, two thin-film systems were selected as LSPR-based sensing platforms, namely Au-Ag/TiO2 thin films with enhanced sensitivity, as demonstrated in previous work [34] as well as Au/TiO2 for comparison. For Au/TiO2, RBS analysis showed a simulated thickness of about 40 nm and a Au concentration of 19 at.% in the TiO2 thin film. Regarding the Au-Ag/TiO2 thin film, it showed a total noble metal content of 17 at.%, with 9 at.% of Au, 8 at.% of Ag, and a similar thickness. SEM analysis corroborated the thickness simulated by the RBS technique, and the corresponding micrographs can be found in the Supplementary Materials.



Confirming the presence of the LPSR band is crucial to the functionality of the thin-film transducer. Transmittance spectroscopy was used to evaluate the optical response of the produced thin films at the visible wavelength range. As expected, before the thermal treatment, the as-deposited thin films did not display observable LSPR bands in either the Au/TiO2 (Figure 2a) or Au-Ag/TiO2 (Figure 2b) compositions as the noble metal nanoparticles had not yet reached sizes above the quantum limit (i.e., above 10 nm) [55].



After in-vacuum annealing at 400 °C, both the Au/TiO2 and Au-Ag/TiO2 spectra evolved to display an LSPR band. The formation of nanoparticles can. be attributed to the (i) diffusion of noble metal atoms into nucleation sites, (ii) nucleus growth, and (iii) coalescence of adjacent nanoparticles (NPs). Noble metal NPs are responsible for supporting localized surface plasmons that can be excited by transmitted light [55] and are known to be sensitive to changes in the dielectric environment surrounding them, establishing the basis of LSPR-based sensors.



The results clearly showed that the LSPR band properties changed due to the introduction of Ag in the Au-TiO2 thin films annealed at 400 °C, leading to a blueshift in λmin from 638.0 to 612.0 nm. This behavior resulted from the combination of Ag with Au in bimetallic nanoparticles, where the LSPR has an extinction maximum (transmittance minimum) in the range between the monometallic counterparts. Furthermore, it can also be demonstrated by Mie’s theory that Ag NPs reveal higher scattering and absorption efficiencies than Au, as also experimentally observed in previous studies [34]. Furthermore, it is also known that as the scattering efficiency increases, so does the responsiveness to the changes in the refractive index surrounding the NPs, so it is expected that synergetic characteristics of Ag and Au will enhance the LSPR sensitivity.



HAADF-STEM images also corroborate the optical measurement analysis. Figure 2(aii,bii) shows the overall difference in NP distribution within the thin film, with the bimetallic Au-Ag/TiO2 thin film exhibiting a higher number of NPs embedded in the TiO2 dielectric matrix. Furthermore, the STEM-EDX of Au (Figure 2(biii)) and Ag (Figure 2(biv)) allowed us to map the distribution of each element throughout the Au-Ag/TiO2 thin film, showing an overlap of Au and Ag (Figure 2(bv)), indicating the formation of bimetallic NPs.




3.2. Thin Film’s Surface Functionalization with SH-Oligonucleotide


3.2.1. LSPR Sensing Response of Au/TiO2 and Au-Ag/TiO2 Thin Films during Probe Immobilization


In the biosensor field, the immobilization of thiolated biorecognition elements on the surfaces of Au NPs is a key research area. One of the main challenges involved in the progress of optical biosensors is the efficient capture of biorecognition elements and their transformation into detectable optical signals. For real-time monitoring of the LSPR signal, the optical system (HR-LSPR spectroscopy system) is described in Section 2.2 (Figure 1). The first step to initiate functionalization of the Au/TiO2 and Au-Ag/TiO2 thin films is to partially expose the embedded NPs using Ar plasma. The authors already demonstrated the process of partially exposing the NPs in a previous work [53], and it is expected to enhance the available bonding sites for SH-oligonucleotide probes by removing the hydrocarbon layers and eroding the most superficial layers of the TiO2 matrix. Next, microfabricated PDMS fluidic channels were bonded to the thin films using O2 plasma. For real-time monitoring of the LSPR band during the functionalization assays, the nanoplasmonic thin film, integrated with the PDMS microfluidic channel, was positioned in the sample holder.



Before the initial analysis in both Au/TiO2 and Au-Ag/TiO2 nanoplasmonic systems, the optical system readout was stabilized, performing a continuous measurement of the LSPR signal for Au-Ag/TiO2 thin films without changing the surrounding medium of the NPs for 120 min (using the buffer solution), with no significant changes. Preliminary testing of both nanoplasmonic thin films involved testing the adsorption of three different amounts of SH-oligonucleotide (0.1, 0.5, and 1.0 nmol) to evaluate the thin films’ sensitivity in response to surface functionalization. Between each SH-oligonucleotide concentration, the probe was allowed to stabilize for 1 h. The results for the Au/TiO2 and Au-Ag/TiO2 thin films are presented in Figure 3.



The results obtained with the Au-TiO2 thin films annealed at 400 °C indicate that discerning shifts in the LSPR peak position due to SH-oligonucleotide addition are challenging due to the high background noise (Figure 3a). In contrast, Au-Ag/TiO2 thin films exhibited a much lower baseline noise than Au/TiO2, and it was possible to observe the LSPR peak shift due to thiolated probe addition (Figure 3b). After each addition of the probe, these visible redshifts of the LSPR band demonstrated an increased local refractive index around the NPs. Moreover, it was possible to observe that after the addition of 1.0 nmol of the SH-oligonucleotide probe (1.6 nmol in total), the slope of the signal was near zero, suggesting a saturation effect. Based on these results, the Au/TiO2 thin film was excluded from further optimizations. Regarding the Au-Ag/TiO2 thin films, they saturated the SH-oligonucleotide bonds on the NPs at probe amounts between 0.6 and 1.6 nmol.



The sensing behavior agreed with the values estimated for the bulk refractive index sensitivity (RIS) determined for these two systems [56,57], where an almost two-fold increase from 80 ± 4 to 147.7 ± 0.9 nm/RIU was found when Ag was added to Au to form bimetallic nanoparticles. Therefore, as expected, a highly sensitive LSPR-based thin film is required to monitor such functionalization events.




3.2.2. Optimizing SH-Oligonucleotide Immobilization as a Biorecognition Element


The next set of experiments was only conducted on the Au-Ag/TiO2 thin film annealed at 400 °C. First, the number of SH-oligonucleotide probes on the thin-film surface was increased by successively adding 0.2 nmol of probe solution, each for 30 min.



The system was stabilized with TE buffer for 35 min before any addition of the SH-oligonucleotide. Figure 4a displays the evolution of the LSPR signal with the sequential addition of 0.2 nmol of SH-oligonucleotide probe through the microfluidic channel.



After injecting 0.2 nmol of the SH-oligonucleotide probe, the LSPR band notably redshifted, responding to the refractive index alteration surrounding the Au-Ag NPs. The system was left to stabilize for 30 min. During that period, it was clear that the signal was still shifting, suggesting a continuous interaction of the thiolated probe with the thin film’s surface (Figure 4a). The addition of another 0.2 nmol of SH-oligonucleotide (total of 0.4 nmol) led to observable LSPR signal responses. During the stabilization period, the LSPR band remained constant, suggesting that 0.4 nmol could be enough to saturate the transducer with the probe. The following addition, totaling 0.6 nmol of SH-oligonucleotide, slightly shifted the position of the LSPR band. Moreover, the additional SH-oligonucleotide did not introduce changes in the positioning of the LSPR band, indicating a potential saturation between 0.4 and 0.6 nmol. The subsequent washing of the system with TE buffer resulted in a minimal LSPR band change, a clear indication that the probes were firmly adhered to the thin-film surface. These would be washed out otherwise, and the LSPR signal would be shifted to the starting point. After TE buffer washing, the final LSPR signal was similar to that after introducing 0.4 nmol of SH-oligonucleotide, indicating that this might be the maximum concentration of probe that can be attached to the Au-Ag/TiO2 thin film.



Considering the saturation amount for SH-oligonucleotide immobilization onto the Au-Ag NPs at around 0.4 nmol, the reaction time was then assessed. As such, after stabilizing the thin-film LSPR signal with TE buffer for 10 min, 0.5 nmol of the probe was added to the Au-Ag/TiO2 thin film surface through the microfluidic channel. The SH-oligonucleotide solution was allowed to interact with the thin film surface for 90 min while monitoring the LSPR band (Figure 4b). The thin film’s surface was subsequently washed with TE buffer to remove unbonded probes. In the first 10 min of interaction between the thiolated probe and the thin film surface, the LSPR signal shifted from 577.7 to 579.3 nm. For the remaining time (80 min), the LSPR signal only shifted 0.3 nm, stabilizing at approximately 579.6 nm of wavelength. Washing the system with TE buffer promoted a slight blueshift in the LSPR signal, similar to the previous experiment. Furthermore, the signal remained consistently high (at approximately 579.1 nm), indicating the bonding of the SH-oligonucleotide to the Au-Ag NPs in the thin film.



These studies clearly showed a strong and fairly quick interaction between the SH-oligonucleotide and the film’s surface, evidenced by the persistent alteration of the LSPR band’s position in response to changes in the local refractive index near the surface of the NPs.




3.2.3. Detection of Complementary DNA Sequence


The next step of the study was to detect the binding of the target-oligonucleotide, complementary to the SH-oligonucleotide probe attached to the Au-Ag NPs. As previously described, following the initial stabilization of the LSPR signal with TE buffer (pH 8.0), 0.1 nmol of the target-oligonucleotide was introduced through the PDMS microfluidic channel and allowed to hybridize for 20 min (Figure 5).



A total of 0.7 nmol of target-oligonucleotide was added. Finally, the system was washed with TE buffer. During the experiment, continuous monitoring of the LSPR band was performed using the described custom optical system. However, the detection of the attachment of the target-oligonucleotide to the SH-oligonucleotide probe through a shift in the LSPR signal was unsuccessful. No significant alterations in the LSPR band position were observed during the experiment including both the addition of the target-oligonucleotide and the subsequent washing step with TE buffer.



The lack of LSPR response might indicate several possibilities: the complementary target-oligonucleotide may not have successfully hybridized with the immobilized SH-oligonucleotide, the potential degradation of one or both the oligonucleotides, or the saturation of the LSPR signal with the excessive immobilized thiolated probe.




3.2.4. Hypothesizing the Performance of LSPR Biosensor Observed during Detection of Target-Oligonucleotide


To discern whether the SH-oligonucleotide probes were structurally compromised or incapable of hybridization, a native PAGE was performed and stained using a sensitive silver staining protocol (Figure 6).



The gel electrophoresis setup consisted of a 1 kb DNA ladder ranging from 75 to 1000 bp that was used to establish the running front and the probe’s positions. Subsequently, the SH-oligonucleotide and the target-oligonucleotide, each with 28 bases, were loaded separately into the subsequent wells. Finally, the SH-oligonucleotide and the complementary probe were mixed in an Eppendorf tube and allowed to hybridize for 30 min before being loaded into the last well of the polyacrylamide gel. The gel was run at a lower power of 200 mV and 35 mA for 60 min to accommodate the small molecular weight of both the SH-oligonucleotide probe and target-oligonucleotide in comparison with the DNA ladder. The results showed no evident bands in the wells concerning the single-strand probes and both the thiolated and complementary oligonucleotides after staining. A band of approximately 36 bp was measured for the hybridized oligonucleotides after silver staining (Figure 6), while the expected size was 28 bp for these probes. Additionally, due to the 3′ end modifications in both single-stranded sequences (the thiol group and biotin, respectively), the diffusion through the electrophoresis gel could have been delayed.



It is known that double-stranded DNA (dsDNA) is more effectively stained than single-stranded DNA after electrophoresis [58]. This may explain the lack of visualization of the separated probe in the gel compared to the hybridized probes. Consequently, this result allowed to dismiss the absence of hybridization and structural compromises of the probes as reasons for the inability of the nanoplasmonic thin film to detect the binding of the target-oligonucleotide. This outcome suggests that the inability to detect the binding might come from the functionalized surface of the Au-Ag/TiO2 thin film due to two major reasons.



On the one hand, a possible oversaturation of the film’s surface with SH-oligonucleotide probes might hinder hybridization events. On the other hand, the sensitivity of the developed LSPR-based biosensor (i.e., the transducer functionalized with the probes) might still be too low to monitor hybridization with complementary DNA. Regarding the latter (possible) effect, and according to Figure 4a, the Au-Ag NPs were able to discern the differences between the refractive index of the TE buffer (η = 1.354) and the SH-oligonucleotide added during the immobilization experiments. The estimated difference in refractive index between ssDNA (η = 1.456) and dsDNA (η = 1.530) [59,60] was similar to the difference between TE buffer refractive index and SH-oligonucleotide. As such, the nanoplasmonic thin film should be able to detect the change in refractive index due to the hybridization of complementary ssDNA to dsDNA.



This means that the lack of probe hybridization on the surface of the thin film must be the major issue to be considered. There is a known correlation between the density of ssDNA molecules adhered to the surface and its ability to form dsDNA molecules when the complementary DNA strand is present. Indeed, increasing the density of ssDNA molecules adhered to a surface can lead to the electrostatic repulsion of free DNA by the immobilized DNA strand and steric hindrance effect [61], making it difficult to form dsDNA molecules. Therefore, by saturating the thin-film transducer with SH-oligonucleotide probes, steric accessibility, electrostatic repulsion, or orientational constraints compromise the hybridization with the complementary oligonucleotide. Consequently, no LSPR band shift was observed.






4. Conclusions


In conclusion, the successful immobilization of SH-oligonucleotides (biorecognition elements) on the surface of Au-Ag/TiO2 thin films was followed by measuring the LSPR band shift over time. Saturation of the LSPR signal was found at approximately 0.4 nmol of the SH-oligonucleotide probe. Nevertheless, the Au-Ag/TiO2 nanoplasmonic system was unable to sense the hybridization of the biorecognition elements with the complementary target-oligonucleotide by LSPR sensing.



Gel electrophoresis suggested that the lack of an LSPR signal was not due to the lack of hybridization capability or compromised structural integrity of the probes. Knowing that the produced thin films can distinguish between the refractive indices of ssDNA vs. dsDNA, the issue could be the overpopulation of thiolated probes at the film’s surface. This could create difficulties for the hybridization of the DNA sequences, thus compromising the LSPR detection.



Subsequent studies (e.g., by using fluorescence-labeled complementary oligonucleotides) need to be performed to evaluate the SH-oligonucleotide occupation of the film’s surface to find an equilibrium between the amount of immobilized biorecognition elements and the ability to monitor hybridization events using LSPR biosensors based on Au-Ag/TiO2 plasmonic thin films.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/bios14040159/s1, Figure S1—SEM micrographs at different magnifications and thickness measurements for thin films annealed at 400 °C.





Author Contributions


Conceptualization, D.C., G.M., J.B. and P.S. (Paula Sampaio); Methodology, D.C.; Software, J.B.; Validation, P.S. (Paulo Sousa), V.P., J.B., F.V., G.M. and P.S. (Paula Sampaio); Formal analysis, D.C. and J.B.; Investigation, D.C., P.P.-S., P.S. (Paulo Sousa) and V.P.; Resources, F.V., G.M. and P.S. (Paula Sampaio); Data curation, D.C. and J.B.; Writing—original draft preparation, D.C. and P.P.-S.; Writing—review and editing, P.S. (Paulo Sousa), V.P., J.B., F.V., G.M. and P.S. (Paula Sampaio); Visualization, D.C., P.P.-S. and J.B.; Supervision, F.V., G.M. and P.S. (Paula Sampaio); Project administration, J.B., F.V., G.M. and P.S. (Paula Sampaio); Funding acquisition, J.B., F.V., G.M. and P.S. (Paula Sampaio). All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Portuguese Foundation for Science and Technology (FCT) in the framework of Strategic Funding UIDB/04650/2020, UIDB/04050/2020, and UIDB/04436/2020, and project CO2Plasmon, with FCT reference EXPL/CTM-REF/0750/2021 and PTDC/EEI-EEE/2846/2021 (https://doi.org/10.54499/PTDC/EEI-EEE/2846/2021). Diogo Costa acknowledges FCT for his PhD grants—SFRH/BD/136279/2018 and COVID/BD/153201/2023. Patricia Pereira-Silva acknowledges FCT for her PhD grant—2020.08235.BD. Paulo Sousa, Vânia Pinto, and Joel Borges thank FCT for their research contract funding provided through 2021.01086.CEECIND, 2021.01087.CEECIND, and CEECINST/00156/2018/CP1642/CT0001, respectively.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors would like to express their gratitude to Nuno P. Barradas (C2TN, University of Lisbon) and Eduardo Alves (IPFN, University of Lisbon) for the RBS measurements and analysis. The authors also acknowledge Lucian Roiban and Philippe Steyer (INSA-Lyon) for the STEM measurements.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Willett, D.R.; Chumanov, G. LSPR Sensor Combining Sharp Resonance and Differential Optical Measurements. Plasmonics 2014, 9, 1391–1396. [Google Scholar] [CrossRef]

	



Hutter, E.; Fendler, J.H. Exploitation of Localized Surface Plasmon Resonance. Adv. Mater. 2004, 16, 1685–1706. [Google Scholar] [CrossRef]

	



Zayats, A.V.; Smolyaninov, I.I. Near-Field Photonics: Surface Plasmon Polaritons and Localized Surface Plasmons. J. Opt. A Pure Appl. Opt. 2003, 5, S16–S50. [Google Scholar] [CrossRef]

	



Mayer, K.M.; Hafner, J.H. Localized Surface Plasmon Resonance Sensors. Chem. Rev. 2011, 111, 3828–3857. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Zhang, X.; Yonzon, C.R.; Haes, A.J.; Van Duyne, R.P. Localized Surface Plasmon Resonance Biosensors. Nanomedicine 2006, 1, 219–228. [Google Scholar] [CrossRef] [PubMed]

	



Petryayeva, E.; Krull, U.J. Localized Surface Plasmon Resonance: Nanostructures, Bioassays and Biosensing—A Review. Anal. Chim. Acta 2011, 706, 8–24. [Google Scholar] [CrossRef]

	



Haes, A.J.; Van Duyne, R.P. A Unified View of Propagating and Localized Surface Plasmon Resonance Biosensors. Anal. Bioanal. Chem. 2004, 379, 920–930. [Google Scholar] [CrossRef]

	



Verellen, N.; Van Dorpe, P.; Huang, C.; Lodewijks, K.; Vandenbosch, G.A.E.; Lagae, L.; Moshchalkov, V.V. Plasmon Line Shaping Using Nanocrosses for High Sensitivity Localized Surface Plasmon Resonance Sensing. Nano Lett. 2011, 11, 391–397. [Google Scholar] [CrossRef]

	



Zhang, L.M.; Uttamchandani, D. Optical Chemical Sensing Employing Surface Plasmon Resonance. Electron. Lett. 1988, 24, 1469–1470. [Google Scholar] [CrossRef]

	



Wu, X.; Fan, X.; Yin, Z.; Liu, Y.; Zhao, J.; Quan, Z. Ordered Mesoporous Silver Superstructures with SERS Hot Spots. Chem. Commun. 2019, 55, 7982–7985. [Google Scholar] [CrossRef]

	



Hyungsoon Im, C.; Bantz, K.C.; Hoon Lee, S.; Johnson, T.W.; Haynes, C.L.; Oh, S.-H.; Im, H.; Johnson, T.W.; Oh, S.; Bantz, K.C.; et al. Self-Assembled Plasmonic Nanoring Cavity Arrays for SERS and LSPR Biosensing. Adv. Mater. 2013, 25, 2678–2685. [Google Scholar] [CrossRef]

	



Rao, V.K.; Radhakrishnan, T.P. Tuning the SERS Response with Ag-Au Nanoparticle-Embedded Polymer Thin Film Substrates. ACS Appl. Mater. Interfaces 2015, 7, 12767–12773. [Google Scholar] [CrossRef]

	



West, J.L.; Halas, N.J. Engineered Nanomaterials for Biophotonics Applications: Improving Sensing, Imaging, and Therapeutics. Annu. Rev. Biomed. Eng. 2003, 5, 285–292. [Google Scholar] [CrossRef]

	



Peng, Y.; Xiong, B.; Peng, L.; Li, H.; He, Y.; Yeung, E.S. Recent Advances in Optical Imaging with Anisotropic Plasmonic Nanoparticles. Anal. Chem. 2015, 87, 200–215. [Google Scholar] [CrossRef]

	



Fazal, S.; Jayasree, A.; Sasidharan, S.; Koyakutty, M.; Nair, S.V.; Menon, D. Green Synthesis of Anisotropic Gold Nanoparticles for Photothermal Therapy of Cancer. ACS Appl. Mater. Interfaces 2014, 6, 8080–8089. [Google Scholar] [CrossRef]

	



Obaid, G.; Chambrier, I.; Cook, M.J.; Russell, D.A. Cancer Targeting with Biomolecules: A Comparative Study of Photodynamic Therapy Efficacy Using Antibody or Lectin Conjugated Phthalocyanine-PEG Gold Nanoparticles. Photochem. Photobiol. Sci. 2015, 14, 737–747. [Google Scholar] [CrossRef]

	



Bido, A.T.; Ember, K.J.I.; Trudel, D.; Durand, M.; Leblond, F.; Brolo, A.G. Detection of SARS-CoV-2 in Saliva by a Low-Cost LSPR-Based Sensor. Anal. Methods 2023, 15, 3955–3966. [Google Scholar] [CrossRef]

	



Ning, W.; Hu, S.; Zhou, C.; Luo, J.; Li, Y.; Zhang, C.; Luo, Z.; Li, Y. An Ultrasensitive J-Shaped Optical Fiber LSPR Aptasensor for the Detection of Helicobacter Pylori. Anal. Chim. Acta 2023, 1278, 341733. [Google Scholar] [CrossRef]

	



Nan, M.; Darmawan, B.A.; Go, G.; Zheng, S.; Lee, J.; Kim, S.; Lee, T.; Choi, E.; Park, J.O.; Bang, D. Wearable Localized Surface Plasmon Resonance-Based Biosensor with Highly Sensitive and Direct Detection of Cortisol in Human Sweat. Biosensors 2023, 13, 184. [Google Scholar] [CrossRef] [PubMed]

	



Sepúlveda, B.; Angelomé, P.C.; Lechuga, L.M.; Liz-Marzán, L.M.; Today, N.; Angelom, P.C. LSPR-Based Nanobiosensors. Nano Today 2009, 4, 244–251. [Google Scholar] [CrossRef]

	



Sagle, L.B.; Ruvuna, L.K.; Ruemmele, J.A.; Van Duyne, R.P. Advances in Localized Surface Plasmon Resonance Spectroscopy Biosensing. Nanomedicine 2011, 6, 1447–1462. [Google Scholar] [CrossRef]

	



Bhattacharjee, K.; Prasad, B.L.V. Surface Functionalization of Inorganic Nanoparticles with Ligands: A Necessary Step for Their Utility. Chem. Soc. Rev. 2023, 52, 2573–2595. [Google Scholar] [CrossRef]

	



Mujica, M.L.; Tamborelli, A.; Vaschetti, V.; Gallay, P.; Perrachione, F.; Reartes, D.; Delpino, R.; Rodríguez, M.; Rubianes, M.D.; Dalmasso, P.; et al. Biorecognition Elements in Biosensors. In Biosensors; CRC Press: Boca Raton, FL, USA, 2022; pp. 107–122. [Google Scholar] [CrossRef]

	



Häkkinen, H. The Gold–Sulfur Interface at the Nanoscale. Nat. Chem. 2012, 4, 443–455. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, A.H.; Sim, S.J. Nanoplasmonic Biosensor: Detection and Amplification of Dual Bio-Signatures of Circulating Tumor DNA. Biosens. Bioelectron. 2015, 67, 443–449. [Google Scholar] [CrossRef]

	



Reimers, J.R.; Ford, M.J.; Marcuccio, S.M.; Ulstrup, J.; Hush, N.S. Competition of van Der Waals and Chemical Forces on Gold–Sulfur Surfaces and Nanoparticles. Nat. Rev. Chem. 2017, 1, 17. [Google Scholar] [CrossRef]

	



Qiu, G.; Gai, Z.; Tao, Y.; Schmitt, J.; Kullak-Ublick, G.A.; Wang, J. Dual-Functional Plasmonic Photothermal Biosensors for Highly Accurate Severe Acute Respiratory Syndrome Coronavirus 2 Detection. ACS Nano 2020, 14, 5268–5277. [Google Scholar] [CrossRef]

	



Ahmad, F.; Salem-Bekhit, M.M.; Khan, F.; Alshehri, S.; Khan, A.; Ghoneim, M.M.; Wu, H.F.; Taha, E.I.; Elbagory, I. Unique Properties of Surface-Functionalized Nanoparticles for Bio-Application: Functionalization Mechanisms and Importance in Application. Nanomaterials 2022, 12, 1333. [Google Scholar] [CrossRef]

	



Bechelany, M.; Maeder, X.; Riesterer, J.; Hankache, J.; Lerose, D.; Christiansen, S.; Michler, J.; Philippe, L. Synthesis Mechanisms of Organized Gold Nanoparticles: Influence of Annealing Temperature and Atmosphere. Cryst. Growth Des. 2010, 10, 587–596. [Google Scholar] [CrossRef]

	



Daniel, M.-C.C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related Properties, and Applications toward Biology, Catalysis, and Nanotechnology. Chem. Rev. 2004, 104, 293–346. [Google Scholar] [CrossRef]

	



Amendola, V.; Polizzi, S.; Meneghetti, M. Laser Ablation Synthesis of Gold Nanoparticles in Organic Solvents. J. Phys. Chem. B 2006, 110, 7232–7237. [Google Scholar] [CrossRef]

	



Wender, H.; De Oliveira, L.F.; Feil, A.F.; Lissner, E.; Migowski, P.; Meneghetti, M.R.; Teixeira, S.R.; Dupont, J. Synthesis of Gold Nanoparticles in a Biocompatible Fluid from Sputtering Deposition onto Castor Oil. Chem. Commun. 2010, 46, 7019–7021. [Google Scholar] [CrossRef]

	



Takele, H.; Schürmann, U.; Greve, H.; Paretkar, D.; Zaporojtchenko, V.; Faupel, F. Controlled Growth of Au Nanoparticles in Co-Evaporated Metal/Polymer Composite Films and Their Optical and Electrical Properties. Eur. Phys. J. Appl. Phys. 2006, 33, 83–89. [Google Scholar] [CrossRef]

	



Costa, D.; Rodrigues, M.S.; Alves, E.; Barradas, N.P.; Borges, J.; Vaz, F. Tuning the Refractive Index Sensitivity of LSPR Transducers Based on Nanocomposite Thin Films Composed of Noble Metal Nanoparticles Dispersed in TiO2. Materials 2023, 16, 7355. [Google Scholar] [CrossRef]

	



Costa, D.; Rodrigues, M.S.; Roiban, L.; Aouine, M.; Epicier, T.; Steyer, P.; Alves, E.; Barradas, N.P.; Borges, J.; Vaz, F. In-Situ Annealing Transmission Electron Microscopy of Plasmonic Thin Films Composed of Bimetallic Au–Ag Nanoparticles Dispersed in a TiO2 Matrix. Vacuum 2021, 193, 110511. [Google Scholar] [CrossRef]

	



Pereira-Silva, P.; Meira, D.I.; Costa-Barbosa, A.; Costa, D.; Rodrigues, M.S.; Borges, J.; Machado, A.V.; Cavaleiro, A.; Sampaio, P.; Vaz, F. Immobilization of Streptavidin on a Plasmonic Au-TiO2 Thin Film towards an LSPR Biosensing Platform. Nanomaterials 2022, 12, 1526. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.; Luo, Z.Q. Cell Biology of Infection by Legionella pneumophila. Microbes Infect. 2013, 15, 157–167. [Google Scholar] [CrossRef]

	



Assaidi, A.; Ellouali, M.; Latrache, H.; Mabrouki, M.; Timinouni, M.; Zahir, H.; Tankiouine, S.; Barguigua, A.; Mliji, E.M. Adhesion of Legionella pneumophila on Glass and Plumbing Materials Commonly Used in Domestic Water Systems. Int. J. Environ. Health Res. 2018, 28, 125–133. [Google Scholar] [CrossRef]

	



Totaro, M.; Valentini, P.; Costa, A.L.; Giorgi, S.; Casini, B.; Baggiani, A. Rate of Legionella pneumophila Colonization in Hospital Hot Water Network after Time Flow Taps Installation. J. Hosp. Infect. 2018, 98, 60–63. [Google Scholar] [CrossRef] [PubMed]

	



Newton, H.J.; Ang, D.K.Y.; Van Driel, I.R.; Hartland, E.L. Molecular Pathogenesis of Infections Caused by Legionella pneumophila. Clin. Microbiol. Rev. 2010, 23, 274–298. [Google Scholar] [CrossRef]

	



Samba-Louaka, A. Legionella pneumophila-Induced Cell Death: Two Hosts, Two Responses. Virulence 2017, 9, 17–19. [Google Scholar] [CrossRef]

	



Hase, R.; Miyoshi, K.; Matsuura, Y.; Endo, Y.; Nakamura, M.; Otsuka, Y. Legionella Pneumonia Appeared during Hospitalization in a Patient with Hematological Malignancy Confirmed by Sputum Culture after Negative Urine Antigen Test. J. Infect. Chemother. 2018, 24, 10–13. [Google Scholar] [CrossRef]

	



Párraga-Niño, N.; Quero, S.; Uria, N.; Castillo-Fernandez, O.; Jimenez-Ezenarro, J.; Muñoz, F.X.; Sabrià, M.; Garcia-Nuñez, M. Antibody Test for Legionella pneumophila Detection. Diagn. Microbiol. Infect. Dis. 2018, 90, 85–89. [Google Scholar] [CrossRef]

	



Rolando, M.; Buchrieser, C. Legionella Effectors Explored with INSeq: New Functional Insights. Trends Microbiol. 2018, 26, 169–170. [Google Scholar] [CrossRef]

	



Barradas, N.P.P.; Jeynes, C.; Webb, R.P.P.; Kreissig, U.; Grötzschel, R. Unambiguous Automatic Evaluation of Multiple Ion Beam Analysis Data with Simulated Annealing. Nucl. Instrum. Methods Phys. Res. B 1999, 149, 233–237. [Google Scholar] [CrossRef]

	



Barradas, N.P.; Pascual-Izarra, C. Double Scattering in RBS Analysis of PtSi Thin Films on Si. In Nuclear Instruments and Methods in Physics Research, Section B: Beam Interactions with Materials and Atoms, Proceedings of the Seventh International Conference on Computer Simulation of Radiation Effects in Solids, Helsinki, Finland, 28 June–2 July 2004; Elsevier: Amsterdam, The Netherlands, 2005; Volume 228, pp. 378–382. [Google Scholar] [CrossRef]

	



Barradas, N.P.; Reis, M.A. Accurate Calculation of Pileup Effects in PIXE Spectra from First Principles. X-Ray Spectrom. 2006, 35, 232–237. [Google Scholar] [CrossRef]

	



Pinto, V.; Sousa, P.; Cardoso, V.; Minas, G. Optimized SU-8 Processing for Low-Cost Microstructures Fabrication without Cleanroom Facilities. Micromachines 2014, 5, 738–755. [Google Scholar] [CrossRef]

	



Kriebel, J.; Gonçalves, I.M.; Baptista, V.; Veiga, M.I.; Minas, G.; Lima, R.; Catarino, S.O. Extensional Flow for Assessing the Effect of Nanocarriers on the Mechanical Deformability of Red Blood Cells. Exp. Therm. Fluid. Sci. 2023, 146, 110931. [Google Scholar] [CrossRef]

	



Rodrigues, M.S.; Pereira, R.M.S.; Vasilevskiy, M.I.; Borges, J.; Vaz, F. NANOPTICS: In-Depth Analysis of NANomaterials for OPTICal Localized Surface Plasmon Resonance Sensing. SoftwareX 2020, 12, 100522. [Google Scholar] [CrossRef]

	



Ma, X.; Li, Y.; Liang, Y.; Liu, Y.; Yu, L.; Li, C.; Liu, Q.; Chen, L. Development of a DNA Microarray Assay for Rapid Detection of Fifteen Bacterial Pathogens in Pneumonia. BMC Microbiol. 2020, 20, 177. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, D.A.; Yen-Lieberman, B.; Reischl, U.; Gordon, S.M.; Procop, G.W. Detection of Legionella pneumophila by Real-Time PCR for the Mip Gene. J. Clin. Microbiol. 2003, 41, 3327–3330. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, M.S.; Costa, D.; Domingues, R.P.; Apreutesei, M.; Pedrosa, P.; Martin, N.; Correlo, V.M.; Reis, R.L.; Alves, E.; Barradas, N.P.; et al. Optimization of Nanocomposite Au/TiO2 Thin Films towards LSPR Optical-Sensing. Appl. Surf. Sci. 2018, 438, 74–83. [Google Scholar] [CrossRef]

	



Costa-Barbosa, A.; Ferreira, D.; Pacheco, M.I.; Casal, M.; Duarte, H.O.; Gomes, C.; Barbosa, A.M.; Torrado, E.; Sampaio, P.; Collins, T. Candida Albicans Chitinase 3 with Potential as a Vaccine Antigen: Production, Purification, and Characterisation. Biotechnol. J. 2023, 19, 2300219. [Google Scholar] [CrossRef]

	



Scholl, J.A.; Koh, A.L.; Dionne, J.A. Quantum Plasmon Resonances of Individual Metallic Nanoparticles. Nature 2012, 483, 421–427. [Google Scholar] [CrossRef]

	



Luo, Z.; Zhang, J.; Wang, Y.; Chen, J.; Li, Y.; Duan, Y. An Aptamer Based Method for Small Molecules Detection through Monitoring Salt-Induced AuNPs Aggregation and Surface Plasmon Resonance (SPR) Detection. Sens. Actuators B Chem. 2016, 236, 474–479. [Google Scholar] [CrossRef]

	



Ning, W.; Zhang, C.; Tian, Z.; Wu, M.; Luo, Z.; Hu, S.; Pan, H.; Li, Y. Ω-Shaped Fiber Optic LSPR Biosensor Based on Mismatched Hybridization Chain Reaction and Gold Nanoparticles for Detection of Circulating Cell-Free DNA. Biosens. Bioelectron. 2023, 228, 115175. [Google Scholar] [CrossRef]

	



Han, X.; Wang, E.; Cui, Y.; Lin, Y.; Chen, H.; An, R.; Liang, X.; Komiyama, M. The Staining Efficiency of Cyanine Dyes for Single-Stranded DNA Is Enormously Dependent on Nucleotide Composition. Electrophoresis 2019, 40, 1708–1714. [Google Scholar] [CrossRef]

	



Elhadj, S.; Singh, G.; Saraf, R.F. Optical Properties of an Immobilized DNA Monolayer from 255 to 700 Nm. Langmuir 2004, 20, 5539–5543. [Google Scholar] [CrossRef]

	



Singh, R.; Priye, V.; Chack, D. Highly Sensitive Refractive Index-Based Sensor for DNA Hybridization Using Subwavelength Grating Waveguide. IETE Tech. Rev. 2022, 39, 1463–1472. [Google Scholar] [CrossRef]

	



Xu, F.; Pellino, A.M.; Knoll, W. Electrostatic Repulsion and Steric Hindrance Effects of Surface Probe Density on Deoxyribonucleic Acid (DNA)/Peptide Nucleic Acid (PNA) Hybridization. Thin Solid. Films 2008, 516, 8634–8639. [Google Scholar] [CrossRef]








[image: Biosensors 14 00159 g001] 





Figure 1. Fabricated components for the LSPR biosensor: (a) CAD for the microfluidic channel (this drawing was laser printed in a photomask and used in the UV exposure of SU-8); (b) microfluidic channel sealed against the thin film; (c) CAD of the sensor module; and (d) 3D printed sensor module with the light source and spectrophotometer assembled. 
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Figure 2. Optical and morphological analysis of (a) Au/TiO2: (i) transmittance spectrum (300 to 900 nm) for nanoplasmonic thin films before (black) and after annealing at 400 °C for 5 h (red), with the LSPR minimum marked; and (ii) HAADF-STEM micrographs for thin films annealed at 400 °C; and (b) Au-Ag/TiO2: (i) transmittance spectrum (300 to 900 nm) for nanoplasmonic thin films before (black) and after annealing at 400 °C for 5 h (red), with the LSPR minimum marked; (ii) HAADF-STEM micrographs for thin films annealed at 400 °C; (iii) Au and (iv) Ag STEM-EDX mapping, and (v) overlapping of Au and Ag maps over the original micrograph. 
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Figure 3. Evaluation of the nanoplasmonic thin films’ sensitivity to 0.1, 0.5, and 1.0 nmol of the SH-oligonucleotide probe (arrows): (a) Au/TiO2 and (b) Au-Ag/TiO2. 
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Figure 4. Surface functionalization experiments of the SH-oligonucleotide probe (arrows) on Au-Ag/TiO2 thin films annealed at 400 °C: (a) successive addition of 0.2 nmol of SH-oligonucleotide, each 30 min, to the microfluidic channel; and (b) addition optimized 0.5 nmol of the thiolated probe and incubation for 90 min. 
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Figure 5. Detection of target-oligonucleotide sequence in the SH-oligonucleotide functionalized Au-Ag/TiO2 thin films (the arrow indicates the target-oligonucleotide sequence addition time). 
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Figure 6. Native-PAGE for the SH-oligonucleotide and target-oligonucleotide probes. 
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