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Introduction

Surface enhanced Raman spectroscopy (SERS) has emerged as a practical trace detection technology enabled by cleverly-engineered substrates. Raman spectroscopy measures the unique fingerprint-like spectrum of the light scattered by molecules. While Raman spectroscopy has long been performed to analyze bulk materials, it has very poor sensitivity and is easily overwhelmed by sample fluorescence. SERS amplifies the Raman emission through the use of a plasmonic enhancing nanomaterial (called SERS substrate), boosting the signal by millions of times and enabling detection limits as low as parts per trillion levels. [1][2] Despite this giant enhancement, which made SERS orders of magnitude more sensitive than normal Raman spectroscopy, low reproducibility and stability of SERS substrates hinders their use in real world applications. [3] The search for optimal SERS substrates is an ongoing endeavor. An optimal SERS-substrate for detection and sensing applications should be easily fabricated, induce a high signal enhancement, generate reproducible and uniform response, and have a long lifetime. [4][5][6] Besides these key features, the substrate should ensure a large-scale uniformity with signal variations over the entire substrate surface being less than 10% to 20%. Unfortunately, at present, it is still difficult to obtain SERS substrates that can simultaneously meet all of the above requirements. In an effort to produce geometrically homogeneous solid surface-based substrates, well-established lithographic approaches such as e-beam patterning have been proposed. [7][8] These top-down approaches are however timeconsuming, expensive, and very difficult to upscale. Alternatively, a more simple and cost-effective strategy for the manufacture of SERS substrates relies on the assembly of NPs suspensions on the desired surface (bottom-up approach). [9][10][11] Although many reports have shown that the 1D, 2D, and 3D assemblies of noble-metal NPs can be used as efficient substrates for SERS, the corresponding studies on the NPs superstructures remain limited because the controlled organization of NCs on a large scale is difficult. [12] The intensity of SERS in the superstructures is determined not only by the type, shape, and size of the single NP units, but also by the interparticle distance and arrangement pattern. [13] Unlike spherical nanoparticles, the control over orientational ordering of anisotropic NPs remains challenging for their assembly in 2D or 3D arrays on solid substrate. [14] Last but not least, the collective optical properties that differ from those of individual particles and in particular the plasmon coupling in small gaps (1-10 nm) between plasmonic NPs called hot spots, are strongly influenced by the organization (at different length scales). [4] Numerous strategies mostly evaporation-driven but also based on electrostatic interactions or DNA base-pairing have been developed to crystallize nanoparticles into large two-dimensional lattices and three-dimensional crystals, [15] inkjet printing, [16] using a liquid-liquid interface self-assembly. [17][18][19][20] Herein, we have developed a highly reproducible SERS substrate based on the bottom up assembly of core-shell Au-Ag nanoparticles. After careful optimization of the colloidal deposition step, the homogeneity of the resulting SERS substrate was assessed by Raman imaging over large areas. The versatility in term of excitation wavelengths, sensitivity, reusability and temporal stability were investigated using the non-resonant Raman probe thiram known as highly toxic pesticide extensively employed in agriculture. The SERS performance were assessed not only from the perspective of limit of detection but also through questioning the analyte exposure technique (incubation or droplet deposition) and the impact of surfactant stabilizing the colloidal building blocks on trace analysis of various molecules with either low affinity for metallic surface or low Raman cross sections. The surfactant can either act as (i) an efficient agent to capture molecules featuring a low affinity for metallic surface (ii) a protective layer to improve temporal stability or (iii) as a surface contaminant competing for site adsorption with the analyte of interest.

Material and Methods

General considerations

Chloroauric acid (HAuCl 4 ) was purchased from Alfa Aesar. Hexadecyltrimethylammonium bromide (CTAB, 98%), Hexadecyltrimethylammonium chloride (CTAC, >95%) and sodium oleate (NaOL, >97%) were purchased from TCI; Silver nitrate (AgNO 3 ,>99%), L-ascorbic acid (AA, >99%), Sodium borohydride (99%) and and dimethyl sulfoxide (DMSO, 99.9%) were purchased from Sigma-Aldrich.

All solutions were prepared with Milli-Q water with a resistivity > 18.2 MΩ.cm -1 .

SERS Substrate preparation

AuNRs were synthesized by using seed-mediated growth methods reported previously. [21] For growth of Au@Ag nanorods, the as-prepared gold-CTAB nanorods (500 µL, 0.39 nM) and CTAC solution (80mg in 8,25 mL H 2 O) were mixed in a 50mL Erlenmeyer flask and heated at 60°C under magnetic stirring (800 rpm). 265µL of DMSO were then added to the mixture. After 20 minutes, AgNO 3 (4mM, 14ml) and 14ml of mixture solution containing Ascorbic acid (100mM) and CTAC (30 mM) were simultaneously injected drop by drop with a Syringe Pump, and the mixture was stirred for 2,5 hours. The final product was collected by a series of centrifugation steps: First at 4500 rpm for 5min, then at 4000 rpm for 4 min. SERS substrate Preparation: To remove organic impurities, the silicon wafers were cleaned using an oxidizing plasma environment that consists in a short time (3min) exposure of the substrate to oxygen plasma in a low pressure environment. 1.2µl of the as prepared Au@Ag solution was deposit on the clean silicon wafer and allowed to dry at room temperature.

Instrumentation

Visible-NIR Absorption spectroscopy: Extinction spectra were recorded from colloidal solutions in a cuvette (path length= 2mm) under a bright field optical microscope (Nikon, TI-DH) equipped with a spectrometer (Andor, SR-303i) and a CCD camera (ANDOR, DU401A-BR-PD) through a 100× objective (Nikon, NA 0.7) using halogen lamp as a light source. UV-visible-near-infrared (NIR) absorption spectra were recorded using an Agilent 8453 spectrophotometer in the range of 190-1100 nm, using 2 mm path length quartz cuvettes.

Contact angle Measurements: Liquid droplets are applied to the surface using a syringe. The small droplet is observed using a closeup camera. The image of the droplet is then analyzed by computer software from points marked along the droplet-air interface to calculate the contact angle at the droplet-surface interface. These measurements are done using a Drop Shape Analyzer DSA25.

Zeta potential Measurements:

The zeta-potential was determined through electrophoretic mobility measurements using a Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, U.K.).

Raman spectroscopy: Raman spectra were recorded using a confocal Raman microspectrometer Jobin-Yvon LABRAM HR 800 equipped with a thermoelectric cooled CCD and a motorized XY displacement stage. In the present study, continuous wave 532nm, 633 or 785 nm laser were used for SERS excitation. The laser line was focused onto samples through a microscope 50× objective (Olympus, NA: 0.75), and signal collected through the same objective in backscattering mode. The Rayleigh scattering was filtered with a long pass edge filter. Incident laser power was adjusted with neutral density filters and measured at the sample position with a power meter. Spectra were collected for colloidal samples in a 2mm glass cuvette and from 2D substrates on silicon wafers using respectively ethanol and silicon wafer as reference for spectral calibration. Unless otherwise stated, the spectra of each point of the sample are averaged over at least 3 acquisitions with exposure time of 1s (detailed in caption as 3x1s).

Microscopy: SEM imaging was performed with field emission scanning electron microscope (FE-SEM; Zeiss, Supra) operating at 5kV. The concentrated colloidal suspensions were diluted and one drop of this dispersion was deposited onto a silicon wafer. The bottom-up approach used here relies on the self-assembly of core-shell Au@Ag nanoparticles units into 3D structures on silicon substrates. Our group has recently developed a versatile synthetic strategy to prepare highly homogeneous anisotropic core-shell Au@Ag nanoparticles using dimethyl sulfoxide (DMSO) both as co-solvent and shape-directing agent. These core-shell particles are prepared by the seed-mediated growth of silver on gold nanorod seeds and the addition of Dimethyl sulfoxide (DMSO) allows tailoring the shape of core-shell Au@Ag from truncated cuboids to octahedra. [22] Thanks to this synthetic strategy using a mixture water-DMSO, there is no need to replace the usual surfactant (cetyltrimethylammonium chloride CTAC) stabilizing the seeds by thiol or polymer such as PVP as was previously reported. [23][24] The question is even more important since these plasmonic Au@Ag nanoparticles will ultimately be used for sensing by SERS and the background signal provided by polymer such as PVP could compromise trace analysis.

Results and Discussion

Control of bottom-up assembly: Long-range and short-range organizations

Core-shell Au@AgNRs (length = 118±5 nm; width =93±4 nm) were prepared from single crystalline AuNR seeds (101 ± 8nm, 36 ± 2nm). The absorption spectrum of the initial AuNRs featured two distinct extinction bands at 517 nm corresponding to the transverse Localized Surface Plasmon (LSP) mode (short axis) and a stronger band at 735 nm corresponding to the longitudinal LSP mode (main axis) due to their anisotropic shape (see Fig. S1-a). The growth of silver shell is reflected by a decrease of the aspect ratio from 2.8 to 1.3 as illustrated by SEM images (Fig. S1-b). The spectrum of the final Au@Ag NRs suspended in water (Fig. S1-a) presents only one LSPR band in the visible region resulting from the merger of longitudinal and transverse peaks into a single band at 533nm. These building blocks Au@Ag-NPs which are stabilized by CTAC forming a bilayer on the surface of nanoparticles, were then assembled on silicon substrates. Besides maintaining the stability, CTAC favors the self-assembly of nanoparticles after solvent evaporation and have a strong impact on the quality of the final substrate. [11,25] For this reason, the effect of the CTAC surfactant on the assembly was thoroughly studied in order to elaborate highly reproducible and sensitive SERS substrate. Bottom-Up assembled Gold-Silver substrate abbreviated BUGS substrates are fabricated following the schematic representation in scheme 1. The direct deposition of a concentrated aqueous suspension of Au@AgNPs on silicon substrate, leads after drying to a non-uniform distribution of particles with multiple-rings pattern. As revealed by SEM images (Scheme 1-a), the inner part of the droplet features a low density of particles whereas the periphery forms rings with high density of particles. This is the well-known coffee-ring effect that must be suppressed in order to have a uniform SERS response over the entire substrate. Viscosity, surface tension and speed of drying amongst others are the key parameters to tune in order to suppress the coffee ring effect. [26] Besides capillary forces, the close packing of colloids during the drying process is governed by a subtle balance between electrostatic interactions and van der Waals attractive forces occurring between particles. [9, 11-12, 25, 27] These different forces could be modulated by the addition of salts such as the cationic surfactant CTAC which impacts the electrostatic double layer and leads to the decrease of electrostatic repulsion by screening charges. It proved interesting in our case to optimize the concentration of CTAC in the colloidal suspension to improve the quality of the film after drying. The addition of 1 mM CTAC to the colloidal suspension of Au@Ag NPs substantially changes the film properties. SEM images (Scheme 1-b and Fig. 1) shows very regular film of nanoparticles with average diameter of ca. 0.3 cm compared to 0.2 cm without any added CTAC. The variation of droplet diameter is related to the variation of surface tension as revealed by the decrease of contact angle from 68° to 58° after addition of 1 mM of CTAC. Beyond 2mM of added CTAC, the formation of large domains of crystallized CTAC was revealed upon solvent evaporation which tends to alter the longrange organizations of nanoparticles. The robustness of the optimized deposition procedure using 1mM of CTAC, was assessed by recording the SERS signal of a Raman probe on 5 different BUGS substrates (Figure 1-c) demonstrating the reproducibility of the substrate fabrication. The SERS performance of BUGS substrate was investigated with thiram as Raman reporter and compared to a commercial SERS substrate based on silver colloids. Figure 2-a represents the mean SERS spectra recorded at 785 nm on more than 100 spots of the active SERS area, and the colored area illustrates the variations of intensity within the standard deviation. One can clearly see the higher sensitivity of BUGS substrate as compared to commercial substrate. More importantly, the homogeneity of the developed BUGS substrate outperforms the commercial substrate as evidenced by the relative standard deviation of SERS signal (15% to be compared to 86%). The spatial uniformity of the film could also be appreciated through the graph of point by point SERS mapping. As shown in Figure 2-c, the mapping was conducted on 300 µm x 300 µm area and the Raman intensity was extracted from the characteristic peak of thiram probe at 560 cm -1 associated with the S-S stretching mode (Assignments of bands observed in Raman spectra of thiram are reported in Table S1 of the ESI). The short-range arrangement and more precisely the inter-particle distance is a key feature for SERS enhancement. Indeed, the plasmon coupling responsible for the giant enhancement observed in hot spots between close particles, is strongly dependent on the interparticle distance. It is then crucial to reduce the distance between particles in order to increase the occurrence of hot spots. As mentioned earlier, it is well established that CTAB or CTAC surfactant forms a bilayer around Au and Ag nanoparticles in water. [28][29] The bilayer is strongly impacted by the addition of organic solvent such as acetonitrile, ethanol or DMSO. The particular effect of DMSO proportion in the suspension of Au@AgNPs was investigated by UV-visible extinction spectroscopy and SEM (Fig. 3 and Fig. S2).

The evolution of the LSPR band with the amount of DMSO in the colloidal suspension is illustrated in Figure 3-b for three relevant proportions of DMSO in the mixture. Below 10% of DMSO, the longitudinal LSPR peak at 550 nm is only slightly red-shifted (4 nm) due to the change in refractive index of the solution but the Au@AgNPs stay well dispersed. At intermediate proportions of DMSO in the medium (10-75%), the extinction spectra are dramatically modified pointing to an aggregation of particles. Interestingly, at very high DMSO content (>80%), the stability of nanoparticles is preserved as demonstrated by UV-visible absorption spectrum. It is noteworthy to mention that at such high DMSO content, the longitudinal LSP band is dramatically red-shifted by 30 nm due to the change of surrounding medium from water to DMSO. SEM analyses of aliquots at different DMSO proportions (Fig. 3a) reveal that below 10% and above 80% of DMSO in the mixture, the morphology of particles remains the same as without DMSO. Conversely, Au@AgNPs suspended in a mixture containing 30% of DMSO are strongly affected and even morphologically altered as depicted in Fig. 3a. The aggregation of these particles at 30% DMSO at room temperature evidenced by UV-visible absorption spectroscopy, leads not only to the close contact of particles but to their cold welding into percolated network. [30] Our group and others have reported previously that the increase of organic solvent proportion in the colloidal suspension is accompanied by a progressive decrease of zeta-potential from positive value at low DMSO content to negative values at high content. [22,[31][32] The large zeta potential measured at low and very high %DMSO reflects the mutual electrostatic repulsion between charged particles thus preventing their aggregation. At intermediate proportions of organic solvent, the zeta potential approaches zero leading to the flocculation of particles. This is due to the progressive loss of surfactant from the surface of the nanoparticles where the bilayer structure collapses to a monolayer.

The combination of attractive interactions and the removal of NP-surfactant molecules are very likely responsible for the rapid cold welding and coalescence of Au@AgNPs suspended in DMSO at ratios ranging from 10 to 70%.

The impact of DMSO on the organization of the surfactant CTAC bilayer was also investigated by SERS (see Fig 3-c). The SERS enhancement is increased by a factor of 4 for BUGS substrate prepared with addition of 5% DMSO to the Au@AgNPs suspension. Besides, the homogeneity of BUGS substrate is substantially improved as demonstrated by the decrease of the relative standard deviation for the intensity of Raman signal from 15% without DMSO to 8% with DMSO. The origin of the increase in the overall SERS intensity (Fig. 3-c) likely comes from a shrinking of the gap between particles induced by incubation in DMSO. In fact, one can anticipate that the transition from CTAC bilayer to CTAC monolayer around NPs will induce after drying and self-assembly of particles a smaller gap between Au@AgNPs. [29] In that case, the gap being roughly divided by 2, the coupling between particles separated by 3 nm is expected to increase substantially the signal in accordance with our observations. Because field enhancement is inherently dependent on the plasmonic properties of the metal nanostructure, choice of substrate and excitation wavelength are critical factors that influence observed SERS intensities. [33] The SERS signal of non-resonant molecule like thiram was measured at three Raman excitation wavelengths 532, 633 and 785 nm. Representative SERS spectra are given in Figure 4 which confirm the versatility of BUGS platform allowing detection in a wide spectral window of excitation wavelengths (from the green to the near-IR). The reusability of the fabricated SERS substrates was examined using BPE (strong affinity for metallic surface) and the pesticide Atrazine. After recording the first Raman spectrum of the analyte, the substrates were washed with ethanol and finally dried by a steam of nitrogen gas. Figure 5 represents the SERS spectra recorded for the analytes before and after cleaning procedure. As expected for BPE molecules with strong affinity to the substrate (chemisorption via N atom to Ag surface), the Raman signal remains unaffected even after thorough washing. Conversely, the signature of atrazine by SERS is eliminated after washing and revealed again after the second incubation in solution containing the same concentration of atrazine. The latter is known to have a poor affinity for metallic surfaces, is successfully removed by the cleaning process. The temporal stability of BUGS substrates was studied over a period of 7 months. Figure 6 shows the Raman intensity recorded on substrates of different ages that were stored in Petri dishes prior to use and a representative SERS spectrum on a 190 days old BUGS substrate prior to use. The intensity of the peak at 560 cm -1 measured on substrate of different ages remains constant over the course of 190 days (Fig. 6-b). This clearly demonstrates the excellent long term stability of BUGS substrates which is remarkable considering that the plasmonic material consists in silver nanoparticles. In fact despite the superior enhancement, bare silver is subject to oxidation when exposed to ambient air leading to a dramatic deterioration of SERS activity. [34][35] In the present case, the core-shell Au@Ag NPs are stabilized by CTAC surfactant layer whose counter-ion chloride is strong bond to silver surface. SERS spectra of Au@AgNPs suspended in water and dried on silicon substrate given in the ESI (Fig. S3) feature the typical ν(Ag-Cl) band at 235 cm -1 due to the chemisorption of chloride on silver.

Versatility, reusability and temporal stability

Therefore, the remarkable temporal stability of BUGS substrates is traced back to the organic surfactant acting as a protective layer against oxidation. The analytical performance of BUGS substrates were investigated for two types of analytes: molecules capable of chemisorption on the metal surface (thiram, BPE) and molecules with very low surface affinity prone to physisorption (BaP and lysozyme). [36] Moreover, a comparison of two different deposition methods of analyte on BUGS substrate was undertaken. Thiram was deposited on the substrate by: (A) incubation in an aqueous solution of thiram for 1h, or (B) droplet deposition of ethanolic solution of thiram and drying. Figure 7 shows SERS spectra recorded for incubated substrates in thiram solutions at different concentrations and the calibration curve constructed by monitoring the intensity of the characteristic 560 cm -1 spectral feature as a function of thiram concentration. At low concentrations, the intensity increases linearly with concentrations in the range 0.1µM to 3µM. At higher thiram concentrations, the SERS response saturates beyond 10 µM likely because the adsorption sites on silver become fully occupied. The adsorption isotherm was then fitted using the Langmuir adsorption model expressed as follows:

• • • (eq. 1)
where I is the SERS intensity, I max is the maximum SERS intensity when all SERS active sites are occupied by the analyte (saturation), K L is the Langmuir adsorption equilibrium constant, and c is the analyte concentration. Table 1 displays the adsorption constant K L extracted from the data fitting, the correlation coefficient (R 2 ) for each calibration curve and the calculated limits of detection. The limit of detection (LOD) was defined as the detectable signals from the lowest analyte concentration with a signal-to-noise ratio greater than 3 (LOD = 3σ/s, where s is the slope of the calibration curve and σ is the standard deviation of the blank response). The LOD for thiram was estimated at 60 nM (15 ppb) well below the Environmental Protection Agency tolerance (US EPA tolerance 16,6µM). [37] From an analytical standpoint, it is more convenient to express the SERS performance in term of analytical enhancement factor (aEF). [38] Indeed, the aEF yields an estimation of the overall amplification of signal provided by SERS substrate as compared to normal Raman conditions and is defined as:

(eq. 3)
where I SERS is the intensity of Raman signal recorded with SERS substrate with a solution of analyte at a concentration c SERS , and I NR is the intensity of Raman signal produced by the same analyte at a concentration c NR under non-SERS conditions. Both intensities are recorded under identical experimental conditions (laser wavelength, laser power, microscope objective and spectrometer).

From the Langmuir isotherm corresponding to the adsorption of thiram on BUGS substrate, the concentration of 0.1µM of thiram was selected to calculate the analytical enhancement factor. In fact, the SERS intensity I SERS at 0,1µM corresponds to ca. 10% of the intensity at saturation of the coverage (plateau of the Langmuir isotherm) which allows us to confidently assume a sub-monolayer coverage ensuring that all molecules are adsorbed after drying. The aEF of BUGS substrate was found to be 2.3x10 6 .

K L (M -1 ) Adj. R-Square LOD/ ppb BUGS substrate Incubation 5.42x10 5 ± 0.70 x10 5 0.987 15±2 Droplet deposition 0.24 x10 5 ± 0.03 x10 5 0.989 144 ±28

Commercial substrate [START_REF]Ocean Optics[END_REF] Droplet deposition ----24000 [START_REF]Ocean Optics[END_REF] Table 1 : Fitted K L parameter with Langmuir isotherm model and LOD value for the two methods of detection.

Interestingly, if instead of incubating the SERS substrate in the analyte solution, we simply deposit one droplet of the latter on the SERS active area, the adsorption isotherm fits to the Langmuir model but the adsorption constant K L and the LOD differ substantially from the values obtained previously.

As summarized in table 1, the adsorption constant estimated for droplet deposition of thiram is more than an order of magnitude lower than for incubated substrates. Similarly, the LOD extracted for droplet deposited thiram (144 ppb) is one order of magnitude higher than for substrates incubated in thiram. This apparent lower affinity may be due to the diffusion of the solution containing thiram within the multilayered network of nanoparticles of the BUGS substrate during the drying process. An increased relative variability for droplet deposition as compared to incubated substrates is likely due to the non-homogeneous drying process of thiram solution (coffee stain) accompanying the rapid evaporation of solvent (Fig. S4). On-site field detection of water contaminants or hazardous materials requires a sensing platform that is compact, portable and easy to handle for the final user. Despite a higher LOD and larger variability but still acceptable, the droplet deposition of sample to be analyzed was retained as it is most practical for on-site analysis. The trapping efficiency of BUGS substrate and its potential for pollutant analysis in water was investigated using the polyaromatique hydrocarbons Benzo[a]pyrene (BaP), because given its structure, BaP cannot be chemisorbed and has no affinity for bare metallic surfaces like gold or silver.

SERS investigations were performed in the range 1×10 -7 to 5x10 -5 M of BaP in ethanol as depicted in Finally, to demonstrate the importance of accessibility to adsorption sites on metallic surface, we challenged the BUGS platform with the label free protein lysozyme at 300µg/mL. [43][44] As can be seen in Fig. 9-a, the recorded SERS spectrum in presence of Lysozyme is identical to the blank spectrum exhibiting mainly the spectral feature of the surfactant CTAC. Therefore, the direct detection of small protein Lysozyme containing 129 aminoacids by our substrates proved impossible due to steric hindrance caused by CTAC surfactant. Although the surfactant bilayer represents a remarkable advantage for silver substrate to prevent the surface from oxidation, it becomes a major limitation for detection of large macromolecule which could not diffuse to close vicinity of the plasmonic surface.

Thus, it appeared crucial to remove the CTAC from the surface of nanoparticles in order to widen the spectrum of applicability of this SERS substrate to non-resonant proteins with low Raman cross section like lysozyme. [3,6,45] In order to detect Lysozyme, we explored a simple cleaning method for SERS substrate using a non-oxidizing plasma environment that consists in a short (2 min) exposure of the substrate to Argon plasma in a low-pressure environment. Figure 9-b shows the blank SERS spectrum recorded before and after exposure to Ar plasma. This cleaning procedure proved efficient to reduce the organic background contamination as demonstrated by the disappearance of several vibrational modes. The strong band at 683 cm -1 (ν C-S ) evidenced on the blank spectrum is due to adsorbed dimethyl sulfide (DMS) on silver. In fact, as reported previously by our group, DMS results from the reduction of the solvent DMSO used in the synthesis of the truncated core-shell Au@AgNPs.

Given the affinity of sulfur for silver, the generated DMS remains adsorbed to the surface after the purification of nanoparticles. Interestingly, the characteristic feature at 683 cm -1 is absent from the SERS spectra upon plasma cleaning pointing to the complete desorption of DMS consistent with its highly volatile character. The influence of exposure time to Ar plasma on SERS performances (sensitivity and homogeneity of response) was investigated using thiram as probe for Raman imaging.

As illustrated in Figure 9-c, the SERS intensity is significantly reduced beyond 5 minutes of exposure by approximately a factor of 2 and the standard deviation reflecting the homogeneity of response is dramatically deteriorated. The results suggest that Ar plasma cleaning is an efficient process for reducing the blank signal of organic surfactant from silver surfaces, as long as the plasma conditions and exposure times are carefully monitored. The SERS spectrum recorded for Ar plasma-treated substrate incubated in 300 µg/mL solution of lysozyme is depicted in Figure 9-d. The spectrum shows two intense bands at 490, 520 cm -1 and 710 cm -1 slightly downward shifted compared to the normal Raman signature of Lysozyme. The large band at ca. 500 cm -1 is traced back to the S-S bridges featured by Lysozyme. [46] 

Conclusions

In conclusion, highly reproducible plasmonic platform based on the bottom-up assembly of anisotropic core-shell Au@Ag nanocrystals were developed and optimized for SERS. The Raman imaging over large areas proved the high uniformity of response and the remarkable long-term stability which allow to confidently use such substrate for analytical applications. We explored several aspects related to SERS sensing that are often neglected such as the analyte exposure technique (incubation or droplet deposition) and the affinity of analytes to the substrates, which are prerequisite for obtaining a reliable and sensitive SERS signal. The surfactant stabilizing the colloidal building blocks acts as an efficient agent to capture molecules featuring a low affinity for silver surface. It represents also an effective protective layer to prevent silver oxidation thus improving the temporal stability of the SERS-active area. The stability, ease of manipulation and scalability of their fabrication make BUGS substrates a viable solution for the non-expert users of SERS sensing. However, sensing biomolecules by SERS remains a challenge due to their relatively large and complex structures. Since the SERS effect is strongly dependent on the distance analyte-surface, a cleverly engineered surface functionalization is required to improve the sensitivity and reproducibility of biomolecule detection.

The functionalization in accordance with the final application is currently explored in our group and will reported in due course. 
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Scheme 1 :

 1 Scheme 1 : Schematic illustration of the effect of CTAC on the self-assembly of nanoparticles. SEM image of SERS substrate (a) without added CTAC, (b) Using 1 mM CTAC in water.

Figure 1 :

 1 Figure 1 : (a) Photograph of BUGS substrate. (b) SEM image of Au@Ag NPs assembly. (c) Inter-substrates reproducibility (Probe: thiram, λ exc =785nm, 10.2mW, 3x1s).

Figure 2 :

 2 Figure 2 : (a) Raman spectra recorded from the BUGS SERS substrate (red) compared with a commercial substrate (blue) with thiram as probe, λ exc =785nm, 1.3mW, 3x1s. The solid line represents the average spectral mean and the color banner shows the relative standard deviation. Raman Mapping measured by scanning (b) commercial substrate and (c) BUGS substrate area, with a laser spot diameter of 2.5 µm at a step-size of 25 µm with thiram at the peak wavenumber 560 cm -1 . The normalized intensity of the 560 cm -1 peak of thiram across the SERS active area is shown on a color scale.

Figure 3 :

 3 Figure 3 : Influence of added DMSO to suspension of Au@Ag Nanoparticles (a) SEM images obtained by analysing products aliquots at different proportions of DMSO (5, 30% and 80%) in the mixture, (b) Corresponding extinction spectra of Au@Ag NPs suspension containing 5, 30 and 80% of DMSO (c) Raman spectra recorded from the SERS substrate prepared using 5% DMSO (red) compared to the SERS substrate prepared without any added DMSO (blue) (Probe: thiram , λ exc =785nm, 17mW, 3x1s). The solid line represents the mean baseline-uncorrected SERS spectra and the color banner represents variations of the SERS intensity within standard deviation.

Figure 4 :

 4 Figure 4 : SERS spectra of thiram adsorbed on BUGS substrate with excitation at (a) λ exc =532nm, 2,5mW, 3x5s, variability extracted from 30 different positions on the substrate (b) λ exc =633nm, 4mW, 3x4s, variability extracted from 255 different positions on the substrate, (c) λ exc =785nm, 1.3mW, 3x1s, variability extracted from 70 different positions on the substrate.

Figure 5 :

 5 Figure 5: (a) SERS spectra of BPE 40µM adsorbed on BUGS substrate with excitation at λ exc =633nm, 1.8mW, before and after washing (b) SERS spectra of Atrazine 1 µM on BUGS substrate with excitation at λ exc =633nm, 8mW, 3x0.5s before washing (red spectrum), and after washing and incubating in the presence of the same concentration of Atrazine (black spectrum).

Figure 6 :

 6 Figure 6 : Temporal stability of BUGS substrates (a) Evolution of Raman band at 560 cm -1 of Thiram probe for BUGS substrate of different ages, λ exc =785nm, 17mW, 3x1s. (b) SERS spectra of thiram on a 190 days old BUGS substrate. The variability was extracted from 48 different positions of the SERS substrate.The solid line represents the mean baselineuncorrected SERS spectra and the color banner represents variations of the SERS intensity within standard deviation.

Figure 7 :

 7 Figure 7 : (a) SERS spectra of thiram at different concentrations ranging from 0.1µM up to 10µM (inset corresponds to the magnification of band at 560 cm -1 ). The spectra were averaged over 36 different locations and recorded at λ exc =785nm, 17mW. In this set of experiments the SERS substrate is incubated in the analyte solution (b) Langmuir adsorption isotherm of thiram on BUGS substrate based on the band at 560 cm -1 , Inset: calibration curve of thiram (black squares: experimental data, red line: linear or curve fit).

Figure 8 :

 8 Figure 8 : (a) SERS spectra of BaP at different concentrations ranging from 0.1µM up to 50µM (inset corresponds to the magnification of band at 1239 cm -1 ). The spectra were averaged over 36 different locations and recorded at λ exc =785nm, 17mW, 3x5s. In this set of experiments a droplet of analyte solution is deposited on the SERS active area (b) Langmuir-Freundlich adsorption isotherm of BaP on BUGS substrate based on the band at 1239 cm -1 (black squares: experimental data, red line: curve fit).

Figure 8 .

 8 Figure 8. The characteristic Raman modes of BaP at 1239 and 1380 cm -1 respectively assigned to the C-H bending and coupled in plane C-H bending with ring breathing, are clearly identified on the spectrum. [40-41] The marker Raman mode of BaP at 1239 cm -1 was monitored with increasing BaP concentrations as represented in Figure 8-b. The curve profile does not evidence a saturation behavior unlike in the case of thiram. The best fit of data was obtained by the Freundlich-Langmuir adsorption isotherm model as confirmed by the excellent correlation coefficient (R 2 ~0.986). The Freundlich-Langmuir adsorption model expressed as follows:

Figure 9 :

 9 Figure 9: Recorded SERS spectra in presence of Lysozyme (λ exc =785nm, 17mW, 3x5s) (a) before and (d) after Ar plasma cleaning. (b) Recorded SERS blank spectrum before and after plasma cleaning (λ exc =785nm, 17mW, 3x1s). (c) Influence of exposure time to Ar plasma on SERS performances of BUGS substrates assessed by the band at 560 cm -1 characteristic of thiram probe (sensitivity and homogeneity of response).

  Abbreviations CTAC (Cetyl trimethylammonium chloride); CTAB (Cetyl trimethylammonium bromide); BUGS substrate (Bottom-up assembled Gold-silver substrate); LSPR (Localized surface plasmon resonance); DMS (Dimethyl sulfide); DMSO (dimethyl sulfoxide); BaP (benzo[a]pyrene); LOD (Limit of Detection)
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