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Abstract

:

This article introduces a bioinspired, cicada wing-like surface-enhanced Raman scattering (SERS) substrate based on template-stripped crossed surface relief grating (TS-CSRG). The substrate is polarization-independent, has tunable nanofeatures and can be fabricated in a cleanroom-free environment via holographic exposure followed by template-stripping using a UV-curable resin. The bioinspired nanostructures in the substrate are strategically designed to minimize the reflection of light for wavelengths shorter than their periodicity, promoting enhanced plasmonic regions for the Raman excitation wavelength at 632.8 nm over a large area. The grating pitch that enables an effective SERS signal is studied using Rhodamine 6G, with enhancement factors of the order of 1 × 104. Water contact angle measurements reveal that the TS-CSRGs are equally hydrophobic to cicada wings, providing them with potential self-cleaning and bactericidal properties. Finite-difference time-domain simulations are used to validate the nanofabrication parameters and to further confirm the polarization-independent electromagnetic field enhancement of the nanostructures. As a real-world application, label-free detection of melamine up to 1 ppm, the maximum concentration of the contaminant in food permitted by the World Health Organization, is demonstrated. The new bioinspired functional TS-CSRG SERS substrate holds great potential as a large-area, label-free SERS-active substrate for medical and biochemical sensing applications.
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1. Introduction


Biomimicry is an emerging field with the objective of replicating physical or chemical attributes found in nature to create human-made devices. The development of biomimetic materials and devices has been particularly useful in optics and sensing applications [1,2]. Examples of bioinspired materials include polymer-based biohybrid sensor interfaces [3], functional nanostructures of S-proteins for breast cancer cell detection [4], wearable eye health monitoring sensors [5], anti-Moiré grids with the optoelectronic performance [6] and SERS substrates inspired by the geometry of lotus seedpod [7]. Subwavelength periodic structures, such as nipple arrays and tapered pillars, can be found in some insect eyes and wings. Cicadas, in particular, have tapered nanopillars in their transparent wings to suppress light reflection, which makes them invisible to predators [8] and provides them with self-cleaning, superhydrophobic and bactericidal properties [9]. The amplitude and periodicity of the nanopillars range between 170 and 300 nm in order to achieve minimal reflection in the visible 300–800 nm spectrum [10,11,12,13]. In previous studies, direct deposition of metals on cicada wings has been used to investigate broadband light absorption properties of the nanostructures [14], as surface-enhanced Raman scattering (SERS) substrates [15,16] and to produce bio-templated SERS-active nanostructures transferred to optical fibers [17]. Other studies include photocatalytically deposited metallic nanoparticles on cicada and butterfly wings [18]. However, these methodologies enable the production of fixed-pitch nanostructures, preventing the tailored fabrication of SERS active surfaces of similar or identical morphologies.



Nanostructures that support surface plasmon resonance (SPR) have been widely used for sensing and biosensing applications through the use of different techniques, including SPR spectroscopy [19,20,21,22,23,24,25], SPR imaging [26,27,28,29] and surface-enhanced Raman scattering (SERS) spectroscopy [30,31,32,33,34,35,36,37]. SERS, particularly, allows for highly sensitive detection and specific identification of analytes. Nevertheless, metallic nanostructures must enable high enhancement of near-surface electromagnetic field intensities to qualify as SERS substrate [36]. Nano-engineered substrates such as metallic tips [35], nanohole arrays [38] and nanogratings [32] have been investigated for better controlled and reproducible SERS substrates. These structures provide a uniform enhancement over a large surface area, negating the concept of plasmonic “hot-spots” where only specific regions experience electromagnetic field strength enhancement [15]. Metallic nanogratings, in particular, experience large-area uniform electromagnetic enhancement, which increases the chances for analyte detection via SERS spectroscopy [39,40,41]. However, excitation of plasmons on 1D nanogratings is maximized when the polarization of the incident light is aligned with the grating vector [34]. Optimal enhancement is determined by the morphology of the nanogratings and the relative angle between the incoming light polarization and the grating vector. The polarization dependency of the nanostructures can be overcome by structuring them into a 2-dimensional (2D) arrangement. Crossed relief gratings (CSRGs) are 2D nanostructures that enable polarization-independent SERS detection, offering enormous potential for specific analyte sensing [19,21,26]. SPR excitation by one of the superimposed gratings is re-radiated by its orthogonal counterpart in a polarization state that is orthogonal to that of the incident light. Metallic CSRG may enhance the electromagnetic field intensity at a metal-dielectric boundary near-surface region by ~30 times, but they are fabricated from an azobenzene molecular glass (gDR1) solution that consists of azobenzene chromophore molecules, which are SERS active. This aspect has limited the deployment of CSRGs for SERS-based analysis as target signals may get masked by the azobenzene Raman spectra. One way to tackle this problem, and the main motivation of this work, is by replicating the tapered nanopillars in the cicada wings, to take advantage of their optical properties, and to use template stripping to allow the transfer of the metallic nanostructures to another substrate without the gDR1 layer that could potentially mask SERS signals, with the additional benefit of being pitch-customizable to provide antireflective (AR) or signal generation properties at desired wavelengths. Template stripping is a cost-effective and cleanroom-free approach that has been used for transferring other types of metallic nanostructures while preserving their shape and plasmonic efficiency [42,43].



Here, we present a polarization-independent, template-stripped Ag CSRG (TS-CSRG) SERS substrate, inspired by the tapered nanopillars found in the Cicada wings [15], along with the outstanding plasmonic capabilities of subwavelength metallic CSRG. The new methodology is achieved using holographic exposure and template-stripping of silver-coated CSRG using a UV-curable epoxy that enables fabrication of homogeneous, pitch-customizable, large-area, and low-cost substrates that allows for reproducible SERS signals. FDTD simulations are used in the design process to confirm the enhancement and distribution of the electromagnetic field along the nanostructures. The pitch-dependency of the TS-CSRG is used to tailor the SERS signals response upon the adsorption of Raman reporter molecule Rhodamine 6G (R6G). To showcase the capabilities of Ag TS-CSRG as SERS substrates in a real sensing context, we demonstrate the effective, label-free detection of melamine at concentrations of 1 ppm, which corresponds to the maximum residue limit for melamine in infant formula dictated by the World Health Organization (WHO) [44].




2. Materials and Methods


2.1. Atomic Force Microscopy


Imaging of the cicada wings, CSRGs, and TS-CSRGs structures was performed using a Dimension Edge atomic force microscope (AFM) system (Bruker, Billerica, MA, USA). A ScanAsyst-Air AFM tip (Bruker, Billerica, MA, USA) was utilized to scan a 5 µm × 5 µm area, using the peak-force tapping mode, with a scan rate of 1 Hz per line. Bruker NanoScope Analysis software was used to fit and analyze the AFM scans and obtain parameters such as the topography, depth, and pitch of the structures.




2.2. Fabrication of Nanogratings


The surface plasmon resonance wavelength of CSRGs is found by matching the SPR wavevector to the diffracted light via the grating equation so that the following equality is obtained [19]:


ksp = k0 nsinθ ± 2πm/Λ,



(1)




where ksp is the surface plasmon wave number, k0 is the incident light wave number in free space, n is the refraction index of the dielectric, θ is the incidence angle, m is the diffraction order (normally limited to unity), and Λ is the grating pitch.



Fabrication of the CSRGs was performed using the rapid and high-throughput interferometric technique described elsewhere [19,21,26]. Azobenzene molecular glass (gDR1) solution (DR1-glass, 2.99 mM, 94%) was prepared according to the methods described elsewhere [45]. A volume of 500 µL of 3 wt % gDR1 solution, diluted in dichloromethane, was spin-coated on a 2.5 cm × 2.5 cm Corning 0215 soda lime microscope glass slide (Ted Pella Inc., Redding, CA, USA) using a Headway Research spin-coater (Headway Research Inc., Garland, TX, USA) at 1000 RPM for 20 s. The spin-coated samples were then dried and annealed for 1 h at 90 °C in a Yamato ADP-21 oven (Santa Clara, CA, USA) to generate a uniform gDR1 film of approximately 200 nm thick, verified by a Sloan Dektak II surface profiler (Veeco Instruments Inc., Plainview, NY, USA). CSRGs were written on the gDR1-coated substrates by direct holographic exposure to the laser-light interference pattern assisted by a Lloyd mirror optical setup. The laser beam from a solid-state diode-pumped laser (Coherent, Santa Clara, CA, USA, Verdi V6, λ = 532 nm, irradiance = 140 mW/cm2) was directed onto a Lloyd mirror optical setup to allow for molecular mass transport of the azo-molecules to generate of nanopatterned SRGs. After the initial inscription of the SRGs (time of exposure = 300 s), the sample was rotated by 90° and a second exposure for 100 s was performed to fabricate orthogonally superimposed SRGs. An 80-nm layer of silver was subsequently sputtered over the CSRG using a Bal-Tec SCD 050 sputter-coater, to make an Ag-CSRG. The prepared samples had a periodicity of 450, 500, 550, 600 nm.




2.3. Template-Stripping Procedure


The fabricated Ag-CSRG was spin-coated with a UV-curable epoxy (NOA61, Norland Products Inc., East Windsor, NJ, USA) to generate uniform epoxy coating. Next, a pre-cleaned Corning 0215 soda lime microscope glass slide (Ted Pella Inc., Redding, CA, USA) was pressed against the epoxy-coated Ag-CSRG. The sandwiched system was then exposed to UV light in an enclosed UV chamber (Novascan PSD-UV, Novascan Technologies Inc., Ames, IA, USA) for 30 min. When the epoxy was cured, the patterned silver was stripped from the Ag-CSRG by a simple peel-off. The stripped substrate, consisting of the smooth Ag nanogratings, was subjected to a final rinsing with 10% ethanol and DI water to dissolve and remove any remaining gDR1 from the metal surface. The cleaned substrate was then air-dried and stored in a microscope glass slide holder for further use.




2.4. Raman Measurements


A Horiba/Jobin-Yvon Raman spectrometer (Model: LabRAM) with a 632.8 nm HeNe laser (17 mW), 1800 1/mm grating and an Olympus BX-41 microscope system were used. The collection of spectra was performed in the backscattered mode under the following conditions: ×100 microscope objective, 500 μm pinhole, 500 μm slit width, laser filter 10×, for a sampling time of 10 seconds with 10 repeats. All Raman spectra were background corrected through polynomial subtraction, and the noise was reduced with a Savitsky–Golay filter.




2.5. Analyte Sample Preparation


R6G was dissolved in methanol at a stock concentration of 0.1 M and diluted in methanol to generate solutions in the range of 1 µM–1 mM. Melamine was dissolved in Millipore® water to a stock concentration of 1 mg mL−1 (1000 ppm) and diluted in water to generate solutions in the range of 1–100 ppm.




2.6. Contact Angle Measurements


Contact angle measurements were performed using an OCA 15EC digital goniometer (DataPhysics, Charlotte, NC, USA). Droplets (volume of 2.56 ± 0.13 μL, n = 5) of Nanopure water were dispensed onto a 500 nm Ag TS-CSRG at standard conditions using an electronically controlled syringe. The resulting contact angle was calculated using the SCA 20 software module (DataPhysics, Charlotte, NC, USA) with a Young-Laplace fitting feature for the sessile drop method.




2.7. Enhancement Factor Calculations


SERS EF for R6G molecule absorbed on Ag-CSRG was calculated using the following equation [46]:


EF = (ISERS/NSERS)/(IBulk/NBulk),



(2)







ISERS and IBulk are the intensities of the 1358 cm−1 peak with SERS and normal Raman (flat Ag surface), respectively. NBulk is the number of molecules illuminated in bulk, giving a normal Raman signal, and NSERS is the number of molecules illuminated on the nanostructured metallic substrate, giving the SERS signal. The peak at 1358 cm−1 represents intensity at a characteristic band wave number for R6G absorbed on an Ag-CSRG and a flat Ag substrate.




2.8. Finite-Difference Time-Domain (FDTD) Simulations


Three-dimensional FDTD was used to simulate the distribution of the near-field electromagnetic field on the surface of the TS-CSRG using Lumerical FDTD Solutions software. Simulations under S and P polarizations were recorded and added to emulate the plasmonic response under a quasi-unpolarized broadband excitation light source. Symmetric and antisymmetric boundary conditions were set for the x- and y-directions, respectively, and a perfectly matched layer (PML) in the z-direction. The dielectric permittivity used in the simulations for the UV-curable epoxy and silver were obtained from the manufacturer and the literature, respectively [47]. The topography of a CSRG was modeled according to the following function:


f(x,y)=A/2{|sin[(4π/p)x]| − |cos[(4π/p)x]| − |sin[(8π/p)x]| + |(|sin[(4π/p)x]| −










|cos[(4π/p)x]|)| + |sin[(4π/p)y]| − |cos[(4π/p)y]| − |sin[(8π/p)y]| +



(3)






|(|sin[(4π/p)y]| − |cos[(4π/p)y]|)|-cos[(8π/p)x] − cos[(8π/p)y]}








where A and p correspond to the amplitude and period of the structure, respectively, in accordance with the AFM characterization. A uniform mesh size of 3 nm was used for the envelope of the nanostructure, comprising the UV-curable epoxy, the silver film, and the dielectric medium in all the directional axes. A time-averaged electric field intensity distribution, normalized with respect to the incident plane wave |E/E0|2, was calculated for the Ag-CSRG. A frequency-domain field profile is placed at the xy plane of the CSRG. To match experimental conditions, |E/E0|2 was recorded at 632.8 nm, corresponding to the excitation wavelength of the Raman apparatus.




2.9. Scanning Electron Microscopy


High-magnification image acquisition of the surface of TS-CSRGs was achieved using a high vacuum scanning electron microscope (SEM) Quanta FEG 150 ESEM (Field Electron and Ion Company, Hillsboro, OR, USA) with BF/DF STEM detector, at 10 kV. Images of TS-CSRG of 450, 500, 550 and 600 nm were acquired at magnifications of 16,000×, 20,000× and 25,000× (images of all TS-CSRGs are provided in the Supplementary Information).





3. Results and Discussion


A piece of the external façade of the wing of a natural cicada Neotibicen canicularis was scanned using atomic force microscopy (AFM). Figure 1a shows a digital picture of the cicada, and Figure 1b shows the AFM scan image of the external surface of a distal portion of the wing. The inset shows an image of a droplet atop the wing of the cicada, acquired during contact angle measurements (more details can be found in the Supplementary Information). Even when the AR nature of the nanostructured cicada wings is dictated by evolutionary survival strategies, the topography between different species of cicadas may vary. Figure 1c shows an AFM scan of the external wing topography of a wing of cicada Cryptotympana atrata fabricius reported previously [48].



As the nanostructure pattern in the cicada wing is nearly complementary to a CSRG, it can be reproduced via template-stripping to create the bioinspired SERS-active substrate. The fabrication procedure of the TS-CSRG is schematically shown in Figure 1d. First, surface relief gratings (SRGs) were fabricated by dissolving photoactive gDR1 in dichloromethane, followed by a spin-coating step on a pre-cleaned microscopic glass to achieve a uniform thin film of ~200 nm. Using a laser, gratings with the desired pitch were written on the gDR1-coated substrate by direct holographic exposure to an interference pattern as reported elsewhere [19]. CSRGs were achieved by the in-plane, orthogonal superposition of two sequentially inscribed SRG, as detailed in the Experimental section. Nanometer-level precision in the periodicity of the CSRG is achieved by controlling the fabrication parameters, including laser power, exposure time, and angular position of the sample. The precise control in the periodicity enables the creation of a tailored pitch in ~6 min. A 50-nm thick layer of Ag was deposited on the CSRG to provide the metallic interface for the SPR excitation. Figure 1e shows an AFM scan of a 500-nm-pitch Ag-coated CSRG. The final TS-CSRGs were achieved by selective lift-off of the Ag layer from the CSRG. UV-curable epoxy was spin-coated on the Ag CSRG and then pressed against a pre-cleaned microscopic glass slide and placed in a UV curing chamber for 30 min to allow the epoxy to solidify. The Ag nanostructures were then peeled off and cleaned with ethanol to dissolve any remnant gDR1. This method provided a large-area and smooth Ag TS-CSRG with a complementary pattern of the CSRG, as shown in the AFM scan in Figure 1f. Images on the template stripping process and the resulting nanostructures are shown in Figure S2 in the Supplemental Materials. The inset shows an image of a droplet atop the TS-CSRG, acquired during contact angle measurements. Additional information on the wetting state of the cicada wing and the fabricated nanostructures can be found in the Supplementary Materials, along with images of droplets atop the surfaces taken during the CA measurements (Supplementary Materials Figure S1). Figure 1g shows an SEM image of a 500-nm-pitch Ag TS-CSRG, where the valleys and peaks of the nanostructures are recognizable, analogous to the topology revealed by the AFM scan. Additional SEM images of the Ag TS-CSRGs are also shown in Figure S3 in the Supplementary Materials. Notably, the fabricated TS-CSRGs have a remarkable resemblance to the nanostructures on the wing of cicada Cryptotympana atrata fabricius. The nanostructures have a total sensing area of approximately ~1 cm2, allowing for a large-area approach for target analyte detection, in contrast to established hot spot methods.



The nanostructures on the wings of the cicadas not only provide them antireflection but also self-cleaning and antibacterial properties that arise from the hydrophobicity of the surface [9]. Compared to a flat silver substrate, the TS-CSRG allows for a metal-dielectric interface with nanoscopic features that significantly alter the wettability of the surface. Typically, the contact angles (CA) of non-wetting surfaces range between 90° and 180°, whether a perfect wetting surface is 0°. An ideal flat silver surface is perfectly wetting; although the CA can vary depending on the cleanness of the surface, it is significantly low compared to values for non-wetting surfaces [49]. The nanostructured features of Ag TS-CSRGs induce a Wenzel state, where the surface exhibits the apparent CA of a non-wetting surface [50], similar to the self-cleaning hydrophobic surface of cicada wings. We investigated the wettability of the TS-CSRG and cicada wing by measuring the static CA using microscopic droplets of DI water. The insets in Figure 1b,f show, respectively, images of droplets on the external surface of a piece of a cicada Neotibicen canicularis wing and atop a pristine TS-CSRG taken with the automatic CA measurement system. From the images, it is qualitatively evident the hydrophobicity exhibited by both surfaces. Quantitatively, the measured CA from the cicada wing and the TS-CSRG were, respectively 115° ± 2.075° and 119° ± 3.4222° (n = 5).



Electromagnetic enhancement is critical for SERS-based detection. In a backscattering approach, a surface-confined enhancement assisted by SPR excitations allows for the enhancement of small molecule Raman signals. However, a SERS substrate needs to be tailored to allow for the excitation depending on the incident laser wavelength. Using Equation (1), for air (n = 1) and assuming normal incidence, the desired pitch of the gratings was calculated to be ~560 nm for a laser excitation wavelength of 632.8 nm. However, any analyte on the surface of the metal will eventually change the dielectric permittivity as perceived by the incident light. Hence, a set of TS-CSRGs with a grating pitch ranging from 450 to 600 nm with a 50-nm pitch increment was fabricated to acknowledge the dielectric change encountered by the incident light on the surface. The nanostructures were strategically designed with those periodicities to minimize the reflection of light for wavelengths shorter than the periodicity, promoting therefore enhanced plasmonic regions for the Raman excitation wavelength of 632.8 nm.



FDTD simulations were used to demonstrate the polarization-independent electric field enhancement in the vicinity of the TS-CSRG and to confirm the nanostructure pitch leading to the highest EF. Details on the methodology, including the equation utilized to replicate the topography of the nanostructures, are described in the Experimental section. Figure 2a,b shows, respectively, the 3D surface created from Equation (3) and the simulation model used for the FDTD simulations. This equation was utilized to create a model of the TG-CSRGs on Lumerical FDTD solutions software to perform FDTD simulations, which are presented in Figure 2b. The simulations demonstrated the polarization-independent electric field enhancement in the vicinity of the TS-CSRG and confirmed the nanostructures pitch leading to the highest EF. Details on the methodology, including the equation utilized to replicate the topography of the nanostructures, are described in the Experimental section.



Figure 2c–f shows the electric field intensity distribution, |E/E0|2, recorded along the xy cross-section, for gratings with periodicities spanning from 450 nm to 600 nm for a dielectric with RI of 1.33. All the simulation results were scale-adjusted for intensity values of 0–100. The plasmonic enhancement obtained for all the structures demonstrated to be the same for s- and p-polarized incident light. Figure 2d shows the simulated electric field enhancement of the TS-CSRG of 500-nm pitch, which is at least five times higher than the other periodicities investigated in this work (Figure 2c,e,f). Additionally, it can be observed that the highest electric field enhancement occurs at the crests of the nanostructures. The strength of the electric field decreases in a quasi-radial pattern towards the center of the valleys. Although the simulations may indeed vary from real samples on account of alterations in RI or topography, they served to confirm the response for the TS-CSRG periodicities scrutinized in this work.



The pitch-dependency of the TS-CSRG was used to tailor the SERS signals response upon the adsorption of Rhodamine 6G (R6G), a Raman reporter molecule with a distinct Raman spectrum. Figure 3a shows the Raman spectra for a flat Ag surface and TS-CSRG with pitches of 450, 500, 550 and 600 nm. Raman peaks at c.a. 610, 770, 1180, 1306, 1360, 1505, 1570, 1595, and 1645 cm−1 are characteristic of R6G [51,52]. The reference peak at 1360 cm−1, corresponding to aromatic C-C stretching [53], is commonly used as a reference to track changes on the surface of the substrate, and it can be clearly observed in all CSRGs. However, the peak is more prominent in the 500-nm-pitch grating, concurring with the simulation results shown in Figure 2c–f. The SERS enhancement factor (EF), which correlates to the evaluation of signal intensities observed from SERS-active and passive substrates (i.e., flat Ag substrate), was calculated. The Raman vibration of R6G at 1358 cm−1 was used for the EF calculations, and the corresponding intensity for R6G (10−2 M) on a flat Ag substrate was calculated to be 70 arbitrary units (a.u.). The intensities at 1358 cm−1 were recorded for each of the substrates with different pitches using R6G (10–5 M). The EF values were calculated using Equation (2) for TS-CSRG with pitches 450, 500, 550 and 600 nm were 3.8 × 104, 7.6 × 104, 6.1 × 104 and 1.6 × 104, respectively. The TS-CSRG with a pitch of 500 nm exhibited the highest EF—a value that may serve as a guideline for SERS detection applications and further investigations, with magnitude comparable to reported values for grating-based SERS substrates [54] and commercial SERS substrates [30].



The TS-CSRG was further evaluated in a real-world detection scenario for the detection of melamine. Melamine is a toxic, nitrogen-rich (66% by mass) chemical used in the plastics industry for the production of compounds for molding, coating, adhesives, and glues. Due to its high nitrogen content, it is illegally added to foodstuffs such as pet food, milk, infant formula to inflate the apparent protein content of the food [55]. Melamine contamination is virtually undetectable by standardized tests as they rely on the amount of nitrogen in test samples as a proxy for the amount of protein. Illegal contamination of dairy products led to severe health problems, resulting in renal failure and even death, with the hospitalization of over 50,000 infants in some cases [56]. The World Health Organization dictates 2.5 ppm (2.0 × 10−5 M) as the maximum residue limit for melamine in milk and 1 ppm (7.9 × 10−6 M) as the maximum residue limit in infant formula [57]. Detection of melamine usually involves laborious, expensive, and time-consuming methods such as HPLC and LC-MS. In spite of the low detection limit of those methods, they involve immovable heavy equipment and sample preprocessing that make them impractical for point-of-use testing. Melamine has a strong characteristic Raman peak associated with the in-plane deformation of the triazine ring peak (around 676–690 cm−1), depending on reaction conditions [58]. This provides an opportunity to allow for the detection of melamine using the Ag TS-CSRG SERS substrate. Melamine in water with concentrations ranging 1 ppm–1000 ppm were drop-casted on the Ag TS-CSRG, followed by SERS spectra acquisition. Figure 3b shows the normalized acquired spectra for melamine for the different concentrations. The characteristic Raman peak associated with the in-plane deformation of the triazine ring peak is distinguishable up to 1 ppm, a concentration that is in line with the WHO regulations for melamine in food products. These results demonstrate that the Ag TS-CSRG presented here can be used as an inexpensive, yet effective SERS sensor with a topology that can be customized to transmit or reflect specific light wavelengths, similarly to actual nanostructures in cicada wings, to enable signals tailored to employ and acquire specific wavelengths for sensing.




4. Conclusions


In conclusion, this work presents a new Ag TS-CSRG as polarization-independent SERS active substrate, inspired by the tapered nanopillars found in cicada wings. The fabrication of the substrate is cost-effective and achieved in a cleanroom-free environment via holographic exposure followed by a template-stripping step using a UV-curable resin. Inspired by the AR properties of the cicada wings, the nanostructures are strategically designed to minimize the reflection of light for wavelengths smaller than their periodicity, promoting enhanced plasmonic regions for the Raman excitation wavelength at 632.8 nm. AFM scans reveal that the TS-CSRGs possess a remarkable resemblance to the nanostructures in the wings of cicada Cryptotympana atrata fabricius and are equally hydrophobic, providing them with potential self-cleaning and bactericidal properties. The nanostructures enable a field enhancement that allows for the sensitive and reproducible SERS detection of R6G. Simulations and experimental investigation of the SPR-assisted electromagnetic enhancement are performed via FDTD and detection of SERS-active dye R6G, respectively, to validate the nanofabrication parameters. More important, the TS-CSRG enables the label-free, sensitive detection of melamine at concentrations compatible with the maximum residue limits allowed by the WHO in food. The fabrication methodology of TS-CSRG allows for the generation of nanostructures with customized periodicities that can be tailored for specific applications. Therefore, the new bio-inspired functional, SERS-active TS-CSRG introduced here holds great promise as large-area, label-free SERS-active substrates for medical and biochemical sensing applications.








Supplementary Materials


The following are available online at https://www.mdpi.com/1424-8220/21/5/1699/s1, Figure S1: Images taken during contact angle measurements of a DI water droplet atop the surface of a piece of wing from a cicada Neotibicen canicularis and of an Ag TS-CSRG, Figure S2: CSRGs template stripping process, Figure S3: SEM images of the Ag TS-CSRGs with pitches of 450 nm, 500 nm, 550 nm and 600 nm.





Author Contributions


Conceptualization, C.E. and R.G.S.; methodology, S.N., J.G.-C., C.E. and R.G.S.; software, J.G.-C.; validation, all authors.; formal analysis, S.N., J.G.-C. and C.E.; investigation, all authors; resources, C.E., A.D., G.A. and R.G.S.; data curation, all authors; writing—original draft preparation, S.N., J.G.-C. and C.E.; writing—review and editing, all authors; supervision, C.E., G.A. and R.G.S.; funding acquisition, C.E., A.D., G.A. and R.G.S. All authors have read and agreed to the published version of the manuscript.




Funding


C.E. acknowledges funding from the Natural Sciences and Engineering Research Council of Canada (NSERC) RGPIN-2019-04292, and Canada Foundation for Innovation John R. Evans Leaders’ Fund Program (No. 319670). RGS acknowledges funding from the Natural Sciences and Engineering Research Council of Canada (NSERC) RGPIN-2020-03881. J.G.-C. acknowledges the international graduate scholarship provided by the National Council for Science and Technology of Mexico (Consejo Nacional de Ciencia y Tecnología, CONACYT).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


S.N. and J.G.-C. contributed equally to this work. The authors would like to thank A.J. Giacomin for allowing access to his goniometer, P.Kolomitro for facilitating the cicada specimen and Jennifer Snelgrove for assistance with SEM imaging.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Motamedi, M.; Warkiani, M.E.; Taylor, R.A. Transparent Surfaces Inspired by Nature. Adv. Opt. Mater. 2018, 6, 1800091. [Google Scholar] [CrossRef]

	



Yu, K.; Fan, T.; Lou, S.; Zhang, D. Biomimetic optical materials: Integration of nature’s design for manipulation of light. Prog. Mater. Sci. 2013, 58, 825–873. [Google Scholar] [CrossRef]

	



Özgür, E.; Parlak, O.; Beni, V.; Turner, A.P.F.; Uzun, L. Bioinspired design of a polymer-based biohybrid sensor interface. Sens. Actuators B Chem. 2017, 251, 674–682. [Google Scholar] [CrossRef]

	



Damiati, S.; Peacock, M.; Mhanna, R.; Søpstad, S.; Sleytr, U.B.; Schuster, B. Bioinspired detection sensor based on functional nanostructures of S-proteins to target the folate receptors in breast cancer cells. Sens. Actuators B Chem. 2018, 267, 224–230. [Google Scholar] [CrossRef]

	



Gao, B.; He, Z.; He, B.; Gu, Z. Wearable eye health monitoring sensors based on peacock tail-inspired inverse opal carbon. Sens. Actuators B Chem. 2019, 288, 734–741. [Google Scholar] [CrossRef]

	



Li, Z.; Huang, Z.; Yang, Q.; Su, M.; Zhou, X.; Li, H.; Li, L.; Li, F.; Song, Y. Bioinspired Anti-Moiré Random Grids via Patterning Foams. Adv. Opt. Mater. 2017, 5, 1700751. [Google Scholar] [CrossRef]

	



Jin, B.; He, J.; Li, J.; Zhang, Y. Lotus Seedpod Inspired SERS Substrates: A Novel Platform Consisting of 3D Sub-10 nm Annular Hot Spots for Ultrasensitive SERS Detection. Adv. Opt. Mater. 2018, 6, 1800056. [Google Scholar] [CrossRef]

	



Cronin, T.W. Camouflage: Being Invisible in the Open Ocean. Curr. Biol. 2016, 26, R1179–R1181. [Google Scholar] [CrossRef] [PubMed]

	



Hasan, J.; Webb, H.K.; Truong, V.K.; Pogodin, S.; Baulin, V.A.; Watson, G.S.; Watson, J.A.; Crawford, R.J.; Ivanova, E.P. Selective bactericidal activity of nanopatterned superhydrophobic cicada Psaltoda claripennis wing surfaces. Appl. Microbiol. Biotechnol. 2013, 97, 9257–9262. [Google Scholar] [CrossRef]

	



Large, M.C.J. Optical Biomimetics: Materials and Applications; Woodhead Pub. Ltd.: Cambridge, UK, 2012; ISBN 9780857097651. [Google Scholar]

	



Nien, C.K.; Yu, H.H. The applications of biomimetic cicada-wing structure on the organic light-emitting diodes. Mater. Chem. Phys. 2019, 227, 191–199. [Google Scholar] [CrossRef]

	



Liu, F.; Dong, B.; Liu, X. Bio-Inspired Photonic Structures: Prototypes, Fabrications and Devices. In Optical Devices in Communication and Computation; Xi, P., Ed.; InTech: London, UK, 2012. [Google Scholar]

	



Han, Z.; Jiao, Z.; Niu, S.; Ren, L. Ascendant bioinspired antireflective materials: Opportunities and challenges coexist. Prog. Mater. Sci. 2019, 103, 1–68. [Google Scholar] [CrossRef]

	



Kobayashi, M.; Furusawa, T.; Chikuta, T.; Shimojo, M.; Kajikawa, K. Broadband light absorber property of metal-coated pillars on cicada wings. Opt. Mater. Express 2019, 9, 2761–2768. [Google Scholar] [CrossRef]

	



Jiwei, Q.; Yudong, L.; Ming, Y.; Qiang, W.; Zongqiang, C.; Wudeng, W.; Wenqiang, L.; Xuanyi, Y.; Jingjun, X.; Qian, S. Large-area high-performance SERS substrates with deep controllable sub-10-nm gap structure fabricated by depositing au film on the cicada wing. Nanoscale Res. Lett. 2013, 8, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Stoddart, P.R.; Cadusch, P.J.; Boyce, T.M.; Erasmus, R.M.; Comins, J.D. Optical properties of chitin: Surface-enhanced Raman scattering substrates based on antireflection structures on cicada wings. Nanotechnology 2006, 17, 680–686. [Google Scholar] [CrossRef]

	



Kostovski, G.; White, D.J.; Mitchell, A.; Austin, M.W.; Stoddart, P.R. Nanoimprinted optical fibres: Biotemplated nanostructures for SERS sensing. Biosens. Bioelectron. 2009, 24, 1531–1535. [Google Scholar] [CrossRef]

	



Tanahashi, I.; Harada, Y. Silver nanoparticles deposited on TiO2-coated cicada and butterfly wings as naturally inspired SERS substrates. J. Mater. Chem. C 2015, 3, 5721–5726. [Google Scholar] [CrossRef]

	



Nair, S.; Escobedo, C.; Sabat, R.G. Crossed Surface Relief Gratings as Nanoplasmonic Biosensors. ACS Sens. 2017, 2, 379–385. [Google Scholar] [CrossRef]

	



Yanik, A.A.; Huang, M.; Kamohara, O.; Artar, A.; Geisbert, T.W.; Connor, J.H.; Altug, H. An Optofluidic Nanoplasmonic Biosensor for Direct Detection of Live Viruses from Biological Media. Nano Lett. 2010, 10, 4962–4969. [Google Scholar] [CrossRef]

	



Nair, S.; Gomez-Cruz, J.; Manjarrez-Hernandez, Á.; Ascanio, G.; Sabat, R.; Escobedo, C. Selective Uropathogenic E. coli Detection Using Crossed Surface-Relief Gratings. Sensors 2018, 18, 3634. [Google Scholar] [CrossRef]

	



Li, X.; Soler, M.; Özdemir, C.I.; Belushkin, A.; Yesilköy, F.; Altug, H. Plasmonic nanohole array biosensor for label-free and real-time analysis of live cell secretion. Lab Chip 2017, 17, 2208–2217. [Google Scholar] [CrossRef]

	



Escobedo, C.; Brolo, A.G.; Gordon, R.; Sinton, D. Optofluidic concentration: Plasmonic nanostructure as concentrator and sensor. Nano Lett. 2012, 12. [Google Scholar] [CrossRef]

	



Sannomiya, T.; Scholder, O.; Jefimovs, K.; Hafner, C.; Dahlin, A.B. Investigation of Plasmon Resonances in Metal Films with Nanohole Arrays for Biosensing Applications. Small 2011, 7, 1653–1663. [Google Scholar] [CrossRef]

	



Escobedo, C. On-chip nanohole array based sensing: A review. Lab Chip 2013, 13, 2445–2463. [Google Scholar] [CrossRef]

	



Nair, S.; Gomez-Cruz, J.; Manjarrez-Hernandez, A.; Ascanio, G.; Sabat, R.G.; Escobedo, C. Rapid label-free detection of intact pathogenic bacteria in situ via surface plasmon resonance imaging enabled by crossed surface relief gratings. Analyst 2020, 145, 2133–2142. [Google Scholar] [CrossRef]

	



Cetin, A.E.; Coskun, A.F.; Galarreta, B.C.; Huang, M.; Herman, D.; Ozcan, A.; Altug, H. Handheld high-throughput plasmonic biosensor using computational on-chip imaging. Light Sci. Appl. 2014, 3, e122. [Google Scholar] [CrossRef]

	



Gomez-Cruz, J.; Nair, S.; Manjarrez-Hernandez, A.; Gavilanes-Parra, S.; Ascanio, G.; Escobedo, C. Cost-effective flow-through nanohole array-based biosensing platform for the label-free detection of uropathogenic E. coli in real time. Biosens. Bioelectron. 2018, 106, 105–110. [Google Scholar] [CrossRef] [PubMed]

	



Escobedo, C.; Chou, Y.-W.; Rahman, M.; Duan, X.; Gordon, R.; Sinton, D.; Brolo, A.G.; Ferreira, J. Quantification of ovarian cancer markers with integrated microfluidic concentration gradient and imaging nanohole surface plasmon resonance. Analyst 2013, 138, 1450. [Google Scholar] [CrossRef] [PubMed]

	



Dies, H.; Raveendran, J.; Escobedo, C.; Docoslis, A. In situ assembly of active surface-enhanced Raman scattering substrates via electric field-guided growth of dendritic nanoparticle structures. Nanoscale 2017, 9, 7847–7857. [Google Scholar] [CrossRef] [PubMed]

	



Couture, M.; Brulé, T.; Laing, S.; Cui, W.; Sarkar, M.; Charron, B.; Faulds, K.; Peng, W.; Canva, M.; Masson, J.-F. High Figure of Merit (FOM) of Bragg Modes in Au-Coated Nanodisk Arrays for Plasmonic Sensing. Small 2017, 13, 1700908. [Google Scholar] [CrossRef] [PubMed]

	



Deng, X.; Braun, G.B.; Liu, S.; Sciortino, P.F.; Koefer, B.; Tombler, T.; Moskovits, M. Single-order, subwavelength resonant nanograting as a uniformly hot substrate for surface-enhanced Raman spectroscopy. Nano Lett. 2010, 10, 1780–1786. [Google Scholar] [CrossRef]

	



Fan, M.; Wang, P.; Escobedo, C.; Sinton, D.; Brolo, A.G. Surface-enhanced Raman scattering (SERS) optrodes for multiplexed on-chip sensing of nile blue A and oxazine 720. Lab Chip 2012, 12. [Google Scholar] [CrossRef]

	



Ahmed, A.; Rushworth, J.V.; Hirst, N.A.; Millner, P.A.; Allen, K.R.; Anh, N.D.; Chun, B.J.; Choi, S.; Kim, D.-E.E.; Kim, S.; et al. Biosensors for whole-cell bacterial detection. Anal. Chem. 2016, 6, 809–824. [Google Scholar] [CrossRef]

	



Freedman, K.J.; Crick, C.R.; Albella, P.; Barik, A.; Ivanov, A.P.; Maier, S.A.; Oh, S.-H.; Edel, J.B. On-Demand Surface- and Tip-Enhanced Raman Spectroscopy Using Dielectrophoretic Trapping and Nanopore Sensing. ACS Photonics 2016, 3, 1036–1044. [Google Scholar] [CrossRef]

	



Chung, A.J.; Huh, Y.S.; Erickson, D. Large area flexible SERS active substrates using engineered nanostructures. Nanoscale 2011, 3, 2903–2908. [Google Scholar] [CrossRef] [PubMed]

	



Dies, H.; Raveendran, J.; Escobedo, C.; Docoslis, A. Rapid identification and quantification of illicit drugs on nanodendritic surface-enhanced Raman scattering substrates. Sens. Actuators B Chem. 2018, 257. [Google Scholar] [CrossRef]

	



Brolo, A.G.; Arctander, E.; Gordon, R.; Leathem, B.; Kavanagh, K.L. Nanohole-enhanced raman scattering. Nano Lett. 2004, 4, 2015–2018. [Google Scholar] [CrossRef]

	



Du, L.; Zhang, X.; Mei, T.; Yuan, X. Localized surface plasmons, surface plasmon polaritons, and their coupling in 2D metallic array for SERS. Opt. Express 2010, 18, 1959. [Google Scholar] [CrossRef] [PubMed]

	



Kalachyova, Y.; Mares, D.; Lyutakov, O.; Kostejn, M.; Lapcak, L.; Švorčík, V. Surface Plasmon Polaritons on Silver Gratings for Optimal SERS Response. J. Phys. Chem. C 2015, 119, 9506–9512. [Google Scholar] [CrossRef]

	



Jiao, Y.; Ryckman, J.D.; Koktysh, D.S.; Weiss, S.M. Controlling surface enhanced Raman scattering using grating-type patterned nanoporous gold substrates. Opt. Mater. Express 2013, 3, 1137. [Google Scholar] [CrossRef]

	



Nagpal, P.; Lindquist, N.C.; Oh, S.H.; Norris, D.J. Ultrasmooth patterned metals for plasmonics and metamaterials. Science 2009, 325, 594–597. [Google Scholar] [CrossRef]

	



Hong, K.Y.; Menezes, J.W.; Brolo, A.G. Template-Stripping Fabricated Plasmonic Nanogratings for Chemical Sensing. Plasmonics 2018, 13, 231–237. [Google Scholar] [CrossRef]

	



WHO. International Experts Limit Melamine Levels in Food; WHO: Geneva, Switzerland, 2010. [Google Scholar]

	



Kirby, R.; Sabat, R.G.; Nunzi, J.-M.; Lebel, O. Disperse and disordered: A mexylaminotriazine-substituted azobenzene derivative with superior glass and surface relief grating formation. J. Mater. Chem. C 2014, 2, 841–847. [Google Scholar] [CrossRef]

	



Das, G.; Patra, N.; Gopalakrishnan, A.; Zaccaria, R.P.; Toma, A.; Thorat, S.; Di Fabrizio, E.; Diaspro, A.; Salerno, M. Fabrication of large-area ordered and reproducible nanostructures for SERS biosensor application. Analyst 2012, 137, 1785–1792. [Google Scholar] [CrossRef]

	



Johnson, P.B.; Christy, R.W. Optical Constants of the Noble Metals. Phys. Rev. B 1972, 6, 4370–4379. [Google Scholar] [CrossRef]

	



Xie, H.; Huang, H.X.; Peng, Y.J. Rapid fabrication of bio-inspired nanostructure with hydrophobicity and antireflectivity on polystyrene surface replicating from cicada wings. Nanoscale 2017, 9, 11951–11958. [Google Scholar] [CrossRef]

	



Osman, M.A.; Keller, B.A. Wettability of native silver surfaces. Appl. Surf. Sci. 1996, 99, 261–263. [Google Scholar] [CrossRef]

	



Giacomello, A.; Meloni, S.; Chinappi, M.; Casciola, C.M. Cassie-baxter and wenzel states on a nanostructured surface: Phase diagram, metastabilities, and transition mechanism by atomistic free energy calculations. Langmuir 2012, 28, 10764–10772. [Google Scholar] [CrossRef]

	



Kirubha, E.; Palanisamy, P.K. Green synthesis, characterization of Au–Ag core–shell nanoparticles using gripe water and their applications in nonlinear optics and surface enhanced Raman studies. Adv. Nat. Sci. Nanosci. Nanotechnol. 2014, 5, 45006. [Google Scholar] [CrossRef]

	



Rahomäki, J.; Nuutinen, T.; Karvonen, L.; Honkanen, S.; Vahimaa, P. Horizontal slot waveguide channel for enhanced Raman scattering. Opt. Express 2013, 21, 9060–9068. [Google Scholar] [CrossRef]

	



Hildebrandt, P.; Stockburger, M. Surface-enhanced resonance Raman spectroscopy of Rhodamine 6G adsorbed on colloidal silver. J. Phys. Chem. 1984, 88, 5935–5944. [Google Scholar] [CrossRef]

	



Ma, P.; Liang, F.; Sun, Y.; Jin, Y.; Chen, Y.; Wang, X.; Zhang, H.; Gao, D.; Song, D. Rapid determination of melamine in milk and milk powder by surface-enhanced Raman spectroscopy and using cyclodextrin-decorated silver nanoparticles. Microchim. Acta 2013, 180, 1173–1180. [Google Scholar] [CrossRef]

	



Betz, J.F.; Cheng, Y.; Rubloff, G.W. Direct SERS detection of contaminants in a complex mixture: Rapid, single step screening for melamine in liquid infant formula. Analyst 2012, 137, 826. [Google Scholar] [CrossRef] [PubMed]

	



Lin, M.; He, L.; Awika, J.; Yang, L.; Ledoux, D.R.; Li, H.; Mustapha, A. Detection of Melamine in Gluten, Chicken Feed, and Processed Foods Using Surface Enhanced Raman Spectroscopy and HPLC. J. Food Sci. 2008, 73, T129–T134. [Google Scholar] [CrossRef] [PubMed]

	



Sabat, R.G.; Rochon, N.; Rochon, P. Dependence of surface plasmon polarization conversion on the grating pitch. J. Opt. Soc. Am. A 2010, 27, 518. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.-F.; Zou, M.-Q.; Qi, X.-H.; Liu, F.; Zhu, X.-H.; Zhao, B.-H. Detection of melamine in liquid milk using surface-enhanced Raman scattering spectroscopy. J. Raman Spectrosc. 2010, 41, 1655–1660. [Google Scholar] [CrossRef]








[image: Sensors 21 01699 g001 550] 





Figure 1. (a) Picture of a cicada Neotibicen canicularis. (b) atomic force microscope (AFM) image of the external surface from a piece of the wing of the cicada; inset: wetting state of a water droplet on a cicada Neotibicen canicularis. (c) AFM image of the external surface of the wing of a cicada Cryptotympana atrata fabricius. Reprinted with permission [48]. Copyright 2017, The Royal Society of Chemistry. (d) Schematic representation of the fabrication procedure for creating template-stripped Ag template-stripped crossed surface relief grating (TS-CSRG). AFM scan of a 5 µm × 5 µm area of a 500-nm-pitch (e) Ag CSRG, and (f) Ag TS-CSRG; inset: wetting state of a water droplet on an Ag TS-CSRG; scale bars correspond to 1 µm. (g) SEM image of a 500 nm-pitch Ag TS-CSRG. 
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Figure 2. Finite-difference time-domain (FDTD) simulations. (a) 3D surface created from Equation (3). (b) FDTD simulation model. (c–f) Electric field distribution along xy cross-section for Ag TS-CSRGs with grating pitch spanning from 450 nm to 600 nm, with 50 nm increments. 
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Figure 3. Surface-enhanced Raman scattering (SERS) activity of Ag TS-CSRG. (a) Pitch-dependency of SERS spectra for R6G (10–5 M) with pitches ranging 450 nm to 600 nm, and for a flat Ag substrate for R6G (10–2 M). (b) Average SERS spectra of melamine on Ag TS-CSRG for concentrations ranging from 1 ppm to 1000 ppm. 






Figure 3. Surface-enhanced Raman scattering (SERS) activity of Ag TS-CSRG. (a) Pitch-dependency of SERS spectra for R6G (10–5 M) with pitches ranging 450 nm to 600 nm, and for a flat Ag substrate for R6G (10–2 M). (b) Average SERS spectra of melamine on Ag TS-CSRG for concentrations ranging from 1 ppm to 1000 ppm.



[image: Sensors 21 01699 g003]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
a b
C d
400 - 400
200 - 200
E o E 0
- . ~
-200 - -200
~400-} -400
= I | | | T
400 -200 O 200 400
y (nm)
e i - - f
400 - 400 —|
200 200 -
€ o E o-
~N ~N
-200 - -200 -
-400 - -400 -}
) 1 1 ;| N N
400 -200 0O 200 400
y (nm)

! | |
0 200 400

I I
-400 -200

y (nm)
333
16.7
-0
| | | | | B |
-400 -200 O 200 400

y (nm)





nav.xhtml


  sensors-21-01699


  
    		
      sensors-21-01699
    


  




  





media/file0.png





media/file2.png
W 4

b A A A J..M‘

T Yy e
VY Y Y Yy
W g
LA A A S S o o o
o g 4.._1119
VW gy ‘—.

I Attach

|
|
v
UV cure 30 min

Glass slide

Ag CSRG
Peel - off

 AgTS-CSRG

UV-curable epoxy






media/file5.jpg
T

!
i

[r——

o .
B P RS -
Fuoo N

£ P
] ) [P
e o

Wavrumne om)
P——





media/file6.png
.u.)

Raman Intensity (a

)]

[=)]

]

]
|

N

Fy

=]

o
|

2200

0+

611

20

=T .. 1T & "L 177
0 400 600 800 10001200 14001600

Wavenumber (cm-1)

Raman intensity (a.u.)

2 4

— 1000 ppm
—— 300 ppm
— 100 ppm
— 10 ppm

/‘A‘M =

LTI LYY VRIS FELTN P TSRS e P
400 600 800 1000 1200 1400 1600 1800 2000

Wavenumber (cm-1)






media/file3.jpg
0 .
o

e
<00

0203 20 40 2o 200 & 200 b0
y (nm) L
¥ (nm)

e f

4004 400

2004 200-] a8z,
o] E o
™ 200 200}

4003 400

400 -200 0 200 400 400 200 0 200 400
¥ (nm) y (nm)





media/file1.jpg
e
Taacn

+

Glass sl

M
AGTSCSRG

v aure 30min

[rr——
]
sonconzh
=
ect-oft
t
M
hetscin






