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Thanks to their small sensing volume, nanosensors based on localized surface plasmon resonances (LSPR) allow the detection of minute amounts of analytes, down to the single molecule limit. However, the detected analytes are often large molecules, such as proteins. The detection of small molecules remains largely unexplored. Here, we use a hybrid photonic-plasmonic nanosensor to detect a small target molecule (pyridine). The sensor's design is based on a dielectric photonic microstructure acting as an antenna, which efficiently funnels light towards a plasmonic transducer and enhance the detection efficiency. This sensor exhibits a limit of detection as small as 10 -14 mol.L -1 . Using a calibration procedure based on electrodynamical numerical simulations, we compute the number of detected molecules. This yields a limit of detection in mass of 4 zeptograms (1 zg = 10 -21 g), a record value for plasmonic molecular sensors.

Our system can hence be seen as an optical molecular weighing scale, enabling room temperature detection of mass at the zeptogram scale.
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size of their transducer, LSPR sensors exhibit a number of advantages when compared to SPR sensors: (i) smaller amounts of analytes are required, (ii) parallel analysis is possible enabling high-throughput capabilities and (iii) the potential for miniaturization is high. [START_REF] Yavas | Self-Calibrating On-Chip Localized Surface Plasmon Resonance Sensing for Quantitative and Multiplexed Detection of Cancer Markers in Human Serum[END_REF] However, the small transducer size turns into a problem when it comes to the optical monitoring of the LSPR: addressing a single nanoparticle smaller than 100 nm with a beam of light either deteriorates the signal-to-noise ratio on the detection channel, or requires a complex optical setup with expansive objective lenses. This explains why, in spite of the tremendous amount of papers demonstrating the capabilities of LSPR sensors, they remain mainly proof-of-concept laboratory objects.

In order to selectively and efficiently address a single nanoparticle with light, it is possible to use optical antennas. Optical antennas are devices converting an incident propagating wave into a localized excitation, and vice-versa. [START_REF] Novotny | Antennas for light[END_REF] Of particular interest are dielectric antennas, [START_REF] Regmi | All-Dielectric Silicon Nanogap Antennas to Enhance the Fluorescence of Single Molecules[END_REF] as dielectric materials exhibit very low losses and are often biocompatible. For instance, of fluorescence from single molecules. [START_REF] Gérard | Efficient excitation and collection of single-molecule fluorescence close to a dielectric microsphere[END_REF] In a previous work, [START_REF] Martin | Intense Bessel-like beams arising from pyramid-shaped microtips[END_REF] we showed that quasi-axicon lenses consisting of glass micropyramids were able to generate intense Bessel-like beams.

Bessel beams are low-divergence light beams whose intensity profile can be described by a Bessel function. We demonstrated that the uniform propagation length of the light is six times longer for the quasi-Bessel beam exiting the micropyramid than for a Gaussian beam.

In this paper, we propose a hybrid plasmonic nanosensor based on a metallic nanostructure sitting on the apex of a glass micropyramid. The micropyramid acts as an axicon lens, allowing for an efficient excitation of the transducer from weakly focused impinging light, as well as an efficient collection of the transmitted light due to the high directivity of the quasi-Bessel beam. Micropyramids are fabricated over a large scale ( 1 cm 2 ) using optical interferometric lithography and wet etching. This simple approach makes possible the realization of an array of hybrid nanosensors, a key for high throughput parallel analysis.

The optical transducer at the apex of the micropyramid is either a single gold nanoparticle (monomer) or a pair of coupled gold nanoparticles (dimer). We demonstrate, using a small target molecule (pyridine), that minute amounts of analytes can be detected. Furthermore, we introduce a calibration procedure relying on electrodynamical numerical simulations that allows us to retrieve the number of pyridine molecules, and hence the molecular mass, adsorbed on the sensor. A limit of detection of a few zeptograms is evidenced.

Design and fabrication

Figure 1a shows the principle of the hybrid sensor. It consists of two complementary parts.

The first one is a dielectric optical antenna based on a glass micropyramid. [START_REF] Martin | Intense Bessel-like beams arising from pyramid-shaped microtips[END_REF] The second one is the plasmonic transducer consisting of one or two gold nanoparticles (GNP) sitting on the apex of the lens. This design allows for a significant enhancement of both the excitation intensity at the gold nanoparticle position and the detection efficiency. The fabrication method is based on a combination of chemical functionalization, optical lithography and wet etching (see Experimental Section). Figure 1b shows a typical dark field image of an array of hybrid photonic-plasmonic sensors. It is a square array with a period P=4 µm, covering an area of about 1 cm 2 . A detailed morphological characterization with atomic force microscopy has been performed and is shown in the Supplementary Information (Figure S1).

The distance between each sensor is sufficiently high to measure the optical response from a single transducer. In order to further characterize our array, Figures 1c-e present SEM images and the corresponding extinction spectra for a tip without nanoparticle (c), with a gold monomer with a diameter of 50 nm (d), and a gold dimer constituted of two particles with a diameter of 50 nm (e). Both spectra have been recorded under unpolarized light excitation (see Experimental Section for details). The single peak observed in the monomer spectra is the signature of the dipolar LSPR of the GNP. The two peaks visible in the dimer spectra are linked to the two LSPR modes associated with the two polarizations of the excitation (transverse and longitudinal).

We measure an enhancement of one order of magnitude of the optical detected signal to noise ratio (SNR) with the quasi-axicon lens compared to a flat substrate. The measured SNR (up to 13.6 dB, see Figure S2) is directly comparable to the SNR obtained with a dedicated confocal microscope setup 11 (13.3 dB). This demonstrates the capability of the glass micropyramid to act as an efficient optical antenna. In order to prove that we retrieve the extinction spectrum of the GNP sitting at the apex of the quasi-axicon lens, we performed numerical simulations of the GNP plasmonic response. The spectrum of the single GNP (Figure 1d) has been compared with the result of Mie theory for a 50 nm diameter gold sphere. A very good agreement is observed, evidencing the small diameter dispersion of our chemically synthesized GNPs. In the case of the gold dimer, we used the Discrete Dipole Approximation (DDA) method for two 50 nm gold spheres with a varying gap distance. A good agreement between the calculation and the experiment is observed for a gap distance of 0.7 nm (Figure 1e). Thus, we are able to characterize the distance between the two coupled GNPs using the extinction spectrum as a plasmonic ruler.

Sensing experiment

Choice of the analyte

The choice of the analyte is an essential point for sensing experiments. We choose pyridine (CAS number 110-86-1) for this study as the target molecule. Three reasons motivate our choice.

(i) Pyridine is an aromatic molecule exhibiting different contributing structures. Its most stable form is presented in Figure S3a and exhibits an electric dipole moment. This configuration allows a packed stacking of pyridine on gold, [START_REF] Gandubert | Assessment of 4-(dimethylamino) pyridine as a capping agent for gold nanoparticles[END_REF] as presented in Figures S3b-c. This important fact helped us to determine the number of adsorbed molecules, assuming a dense stacking onto the gold surface.

(ii) Pyridine presents a high chemical affinity with gold, ensuring that the molecules will be attracted towards the GNP.

(iii) It has been demonstrated that the surfactant layer (sodium citrate molecules) located at the GNP surface desorbs in presence of pyridine. [START_REF] Larson | Use of atomic force microscopy force measurements to monitor citrate displacement by amines on gold in aqueous solution[END_REF] As a consequence, we can safely assume that no more sodium citrate molecules remained on the GNP surface during our experiments.

Measurements

Sensing measurements were performed following the sequence shown in Figure 2. A droplet of a low concentration (10 -15 mol.L -1 ) solution of pyridine diluted in 2-propanol (IPA) was deposited on the structured substrate. The high wettability of IPA on glass allowed a homogenous dispersion of pyridine over the substrate. We emphasize that the drying of the solution is not uniform due to the structuration of the substrate. We observed that the solution escaped the unstructured areas to concentrate on the areas with micropyramids (see the optical image in the inset of Figure 2, step 4). With evaporation, droplets were formed around each micropyramid, finally leading to the adsorption of pyridine on the GNPs thanks to the high chemical affinity of pyridine with gold. The overall result of the evaporation process is a concentration of the molecules onto the transducer. A similar process was previously reported in more complex structured nanosensors consisting of an array of silicon micropillars with metallic nanotips on their top. [START_REF] De Angelis | Breaking the diffusion limit with super-hydrophobic delivery of molecules to plasmonic nanofocusing SERS structures[END_REF] Optical characterization was then performed by extinction spectroscopy using a homemade confocal microscope. The micropyramids were illuminated from the bottom with slightly focused unpolarized white light (Figure 1a). The confocal microscope collects most of the light exiting from a single micropyramid (after interaction with the transducer). After the measurement at a given concentration, a new droplet of the pyridine solution with a 5-fold higher concentration was deposited onto the substrate, followed by evaporation and a new optical measurement. We repeated this process for pyridine concentrations ranging from 10 -15 mol.L -1 to 10 -7 mol.L -1 .

Extinction spectra of two representative micropyramids are shown in Figure 3a,c: one decorated with a single gold nanoparticle; and one decorated with a gold dimer (see SEM images in Figure 3b,d,insets). The extinction spectra for both sensors are shown for two different cases: first before pyridine deposition (pristine sensor) and then after the deposition of pyridine at 10 -7 mol.L -1 . For each sensor, a clear red-shift of the LSPR is observed after pyridine deposition. The observed red shift of the resonance, denoted ∆λ, is a well-known phenomenon. [START_REF] Zayats | Nano-optics of surface plasmon polaritons[END_REF] The accumulation of molecules around the gold nanoparticles (in the nearfield) increases the effective optical index of the surrounding medium. The refractive index of liquid pyridine is 1.507 (λ=589.3 nm [START_REF] Marcus | The properties of solvents[END_REF] ) and can increase during crystallization. [START_REF] You | Synthesis of high refractive index polyimides derived from 1, 6-bis (p-aminophenylsulfanyl)-3, 4, 8, 9-tetrahydro-2, 5, 7, 10-tetrathiaanthracene and aromatic dianhydrides[END_REF] The LSPR position is directly linked to the refractive index.

The resonance shift ∆λ is plotted in Figure 3b and e as a function of the pyridine concentration for the monomer and the two polarizations of the dimer, respectively. We observe an increasing shift with the pyridine concentration. The first measurable red-shift appears at a concentration of 5.10 -13 mol.L -1 for both the monomer and the transversal mode of the dimer. For the longitudinal mode of the dimer it appears at 10 -14 mol.L -1 , evidencing a better limit of detection (LoD). At high concentration, each curve presents a plateau associated with the saturation of the sensor. This behavior is well known for plasmonic sensors and stems from the limited extension of the optical near-field around the GNP. Interestingly, another plateau is observed for lower concentrations around ∆λ ≈10-15 nm. As a consequence, we model the sensor's experimental response using a double Langmuir isotherm adapted from:

18 ∆λ = ∆λ 1 • K 1 • [Pyridine] 1 + K 1 • [Pyridine] + ∆λ 2 • K 2 • [Pyridine] 1 + K 2 • [Pyridine] (1) 
where ∆λ 1 and ∆λ 2 are the maximum resonance shifts associated to the two different isotherms, K 1 and K 2 are two thermodynamic affinity constants, and [Pyridine] is the pyridine concentration. Eq. 1 was used to fit the experimental data. Results are shown as solid lines in Figure 3b andd. A good agreement is observed.

Table 1: Fitting parameters of the double Langmuir isotherms using Eq. 1.

∆λ 1 (nm) K 1 (10 We point out that the monomer and the transversal mode of the dimer exhibit very similar sensing behaviors, while the longitudinal mode of the dimer has a better limit of detection and a higher maximum shift. Table 1 explains in details the parameters corresponding to the two regions of the fit from Eq. 1. We observe that the first isotherm corresponds to a red shift between 9.3 and 18.5 nm, while the second one between 28.5 and 46.1 nm. These two red shifts correspond to two different phenomena, as detailed below. In the following, we denote Region 1 for the zone with the first red-shift and Region 2 for the zone corresponding to the larger red-shift. Let us emphasize that a similar sensing behavior (two plateaus) has been observed previously. [START_REF] Haes | A localized surface plasmon resonance biosensor: First steps toward an assay for Alzheimer's disease[END_REF][START_REF] Haes | Detection of a biomarker for Alzheimer's disease from synthetic and clinical samples using a nanoscale optical biosensor[END_REF] 

Discussion

Modeling and calibration

To understand the different mechanisms leading to the sensor's optical response, it is important to quantify the number of pyridine molecules adsorbed on the gold nanoparticles.

An estimate of this number can be obtained by using the fingerprint of the pyridine linked by a nitrogen atom on gold (0.16 nm 2 , estimated from the density of crystallized pyridine [START_REF] Mootz | Crystal structures of pyridine and pyridine trihydrate[END_REF] and STM images of aromatic molecules [START_REF] De Oteyza | Direct imaging of covalent bond structure in single-molecule chemical reactions[END_REF] ) and considering a compact staking on the gold free surface. For a single 50 nm spherical GNP, this yields to ∼ 50000 molecules in order to form the first monolayer. The spatial extension of the optical near-field around a 50 nm GNP is ≈25 nm. [START_REF] Deeb | Size Dependence of the Plasmonic Near-Field Measured via Single-Nanoparticle Photoimaging[END_REF] To entirely fill the associated volume, 3.4 × 10 6 molecules are required.

In the following, we use electromagnetic numerical computations to correlate the pyridine concentration in the droplet to the number of molecules adsorbed on the transducer.

Using a FDTD commercial solution (OptiFDTD, from Optiwave), we computed the extinction spectra of a monomer and a dimer for various thickness of a close packed arrangement of pyridine. The considered geometry for such calculations is shown in Figure 4a. We considered a plane wave illumination and a flat substrate. Calculations taking into account the pyramidal shape (not shown) have also been performed and did not show any significant deviation from the flat surface case. The pyridine molecules are considered to be arranged into a close packed form. As a consequence, we consider the adsorbed molecules to be a homogeneous dielectric shell (n=1.507) surrounding the GNP. To simulate the quantity of pyridine around the sensor, we tune the thickness of the dielectric shell (Supplementary Information, Figure S3c). Figures 4b and4c show the calculated spectra respectively for the monomer and the dimer with different thicknesses of pyridine. As observed experimentally, the maximum of the plasmon resonance is red-shifted with the increase of the shell thickness d (i.e. an increase of the effective refractive index probed by the GNP). As a consequence, it is possible to associate with each observed resonance shift ∆λ a corresponding pyridine shell thickness. Dividing the volume of the shell by the crystal pyridine volume yields to an estimation of the number of pyridine molecules adsorbed onto the sensor. Figure 4d depicts a plot of the resonance shift ∆λ as a function of the number of pyridine molecules adsorbed onto the monomer, while Figures 4e and 4f correspond to the dimer case for transverse and longitudinal polarizations, respectively. FDTD calculations (pink triangles) are superimposed on the experimental results, which are also plotted. In figure 4d-f, the double Langmuir fit is deconvoluted into two simple Langmuir isotherms (dashed lines). A nice agreement between data and simulations is found on the right part of the plot, confirming that the red shift of the resonance in Region 2 is due to the change of the refractive index around the GNP. The number of molecules required to form the first plateau corresponds to the number of molecules required to create a first monolayer of pyridine. However, on the lower concentration region (spanning from 10 -15 to 10 -11 mol -1 ) a clear discrepancy appears between experimental data and FDTD. This indicates that the resonance shift is not solely driven by a simple refractive index change, but that another mechanism is involved.

We propose charge transfer between pyridine and gold as the main mechanism to explain the resonance shift in Region 1. Such phenomenon has been observed by Goldmann et al.

for a monolayer of thiolated aromatic molecules bound to gold nanoparticles. Delocalized electrons from each aromatic molecule are transferred to the GNP. The delocalized electrons from the aromatic ring then take part in the plasmonic resonance, yielding to a modification of the Drude plasma frequency and a significant red shift of its position. [START_REF] Goldmann | Charge Transfer at Hybrid Interfaces: Plasmonics of Aromatic Thiol-Capped Gold Nanoparticles[END_REF] Based on these elements, we can attribute the two constants K 1 and K 2 to the pyridinegold (first monolayer) and pyridine-pyridine surface-confined thermodynamic affinity constants, respectively. It is worth noticing that a similar two plateaus behavior with similar values for the affinity constants has been observed by Haes et al, using a different plasmonic platform to detect antigen-antibody interactions. [START_REF] Haes | Detection of a biomarker for Alzheimer's disease from synthetic and clinical samples using a nanoscale optical biosensor[END_REF] In our experiments, we clearly observe that the three constants K are almost identical in Region 2 (K 2 ), showing that we are in presence of a unique phenomenon i.e. pyridine-pyridine bonding leading to effective refractive index change. In contrast, the constants are different in Region 1 (K 1 ), especially for longitudinal mode of the dimer indicating a different behavior in the charge transfer between pyridine and GNP. In particular, a closer look at Figure 4f shows that the first plateau appears for a lower number of molecules than the number required to form a monolayer around the two GNPs (∼ 10000 molecules, while ∼ 100000 are necessary for a monolayer). This can be understood by noticing that the longitudinal (bonding) mode of a dimer exhibits a strong field enhancement inside the small gap separating the two GNPs, and a much smaller field enhancement from either side of the dimer. As a consequence, the main sensing volume is located in the gap region. [START_REF] Acimovic | Plasmon near-field coupling in metal dimers as a step toward single-molecule sensing[END_REF] This creates different sensing volumes with different saturation thresholds. Hence, the first kink around ∼ 10000 molecules can be associated to the saturation of the gap volume, while the full saturation is only reached for ∼ 100000 molecules.

Performances of the sensor

In order to compare the performances of our sensor with other designs, it is necessary to introduce a relevant figure of merit. The most common ones for plasmonic sensors are the sensitivity S to the refractive index change (in nm.RIU -1 ) and the limit of detection (LoD),

i.e. the minimum amount of analyte that can be detected. However, there is no consensus on the best quantity to measure this "minimum amount of analyte": analyte concentration (mol -1 ), number of molecules and mass have already been used. The number of molecules can be misleading, as label-free sensors claiming to reach the single molecule limit often detect huge molecules, such as proteins, weighting several tens of kDa. [START_REF] Taylor | Single-Molecule Plasmon Sensing: Current Status and Future Prospects[END_REF] Using concentration can also be misleading, as some designs allows to artificially concentrate the initial solution into specific detection areas [START_REF] De Angelis | Breaking the diffusion limit with super-hydrophobic delivery of molecules to plasmonic nanofocusing SERS structures[END_REF] . The detected mass appears as a more general metric allowing the comparison between different analytes and different kind of sensors. Table 2 summarizes several figures of merit for our hybrid photonic-plasmonic nanosensor and from the literature. As references, we have chosen a SPR sensor based on a metamaterial exhibiting one of the best sensitivities reported to date [START_REF] Kabashin | Plasmonic nanorod metamaterials for biosensing[END_REF] and another design based on plasmonic nanocavities. [START_REF] Dell'olio | Design of a New Ultracompact Resonant Plasmonic Multi-Analyte Label-Free Biosensing Platform[END_REF] The sensitivity of our sensor has been directly calculated by doing the ratio between the LSPR shift and the refractive index shift. As it is generally the case for LSPR sensors, the measured sensitivity of our sensors (168 < S < 221) is significantly lower than the sensitivity of SPR sensors (2000 < S < 32000). To complete this quantity, the FOM (for figure of merit) is often introduced as the ratio between S and the full width at half maximum (FWHM). [START_REF] Scheinfein | Electron energy loss spectroscopy across a metalinsulator interface at sub-nanometer spatial resolution[END_REF] We observe again better performances for SPR sensors. However, this two quantities do not reflect all the capabilities of a given molecular sensor.

The main occulted parameter here is the quantity of probed molecules. This quantity is directly dependent on the sensing volume, as probed by the effective volume of the plasmon mode. This sensing volume is around 200 times lower for LSPR than for SPR, [START_REF] Zlatanovic | Photonic crystal microcavity sensor for ultracompact monitoring of reaction kinetics and protein concentration[END_REF] leading to a smaller amount of detected molecules. This amount can be express as a mass, to account for the very different sizes of the molecules targeted by plasmonic sensors, ranging from small molecules to proteins or antibodies. The minimum masses (i.e. the LoD expressed as a mass) that can be detected by our hybrid nanosensor, as measured from Figure 4d-f, are reported in Table 2 and compared with values estimated from the literature. Considering this figure of merit, it is clear that our sensor outperforms the best SPR sensors by several orders of magnitude. The longitudinal resonance of the dimer nanosensor exhibits a LoD as low as 4 zeptograms (zg, 1 zg = 10 -21 g), which is to the best of our knowledge the lowest value ever reported for a plasmonic sensor. The sensor also outperforms biosensors relying on electrical detection, such as semiconducting nanowires 31 or metallic nanogaps. [START_REF] Kim | Nanogap biosensors for electrical and label-free detection of biomolecular interactions[END_REF] In order to find a similar sensing mass performance, one has to turn towards the so-called molecular weighing scales. This is discussed in the following section.

Plasmonic sensors as molecular weighing scales

An ideal molecular weighing scale would be a mass sensor capable of weighing minute amounts of matter, down to a single molecule. The most sensitive mass sensors reported to date are based on nanomechanical oscillators: mass sensing of 7 zg has been demonstrated using a microcantilever [START_REF] Yang | Zeptogram-Scale Nanomechanical Mass Sensing[END_REF] and more recently a yoctogram resolution has been demonstrated using an oscillating carbon nanotube as the sensing unit. [START_REF] Chaste | A nanomechanical mass sensor with yoctogram resolution[END_REF] However, these impressive results are based on delicate measurements performed both in high vacuum and at cryogenic temperatures. Measurements of mass in fluids have also been reported, [START_REF] Burg | Weighing of biomolecules, single cells and single nanoparticles in fluid[END_REF] but with a much lower limit of detection (about 1 fg). With a LoD in the zeptogram range, our much simpler design appears to be competitive with state-of-the-art mechanical sensors.

An interesting comparison can be made between optical-based and mechanical mass sensors. Actually, our concept can be seen as the optical analog of the mechanical mass sensors: instead of the resonance frequency of a mechanical oscillator, we monitor the resonance frequency of a charge oscillation, i.e., the LSPR sustained by the gold nanoparticle. This optical mass sensor works at room temperature and atmospheric pressure, and enables the detection of mass inside a fluid with a limit of detection at 4 zg. We emphasize that within our instrumental limitations, the spectral resolution was ±3 nm. It could be improved by using a brighter source, a more resolved spectrograph and a more sensitive detector. Improving the resolution to ± 1 nm would yield to a limit of detection of ∼ 10 molecules, corresponding to ∼ 1 zg.

Practical issues

To conclude this discussion, we would like to address the question of the practical use of the hybrid nanosensor. Our fabrication procedure leads to structures that exhibit different geometries (number of GNPs, gap width...) from one micropyramid to another. As the sensing performances are dependent upon the tranduscer's geometry, this creates performance variability from site to site. This implies that prior to any sensing experiment, each micropyramid must be optically characterized using polarization-resolved extinction spectroscopy. The resulting extinction spectrum yields the nature of the nanostructure (i.e. the number of grafted GNPs) and their organization. Dimers can be easily identified by their two resonance peaks (also giving the gap width), and the dimer orientation can be resolved by rotation of the polarization axis. It is hence possible to select the most relevant hybrid nanosensor based on the desired sensing parameters (sensitivity and detection range).

It should also be noted that the sensor can be cleaned from any absorbed molecule and reused. We performed on a used sample a cleaning procedure using an oxygen plasma. After the cleaning procedure, we measured the extinction spectrum of the hybrid nanosensor and retrieved the initial position of the plasmon resonance.

Conclusion

To sum up, we designed, fabricated and characterized a hybrid photonic-plasmonic nanosensor based on the use of quasi-axicon microstructures as optical antennas. Using pyridine as a target molecule, we measured its optical response and evidenced a double Langmuir behavior arising from two contributions. At very low concentrations, the charge transfer between the adsorbed pyridine molecule and the GNP leads to a first resonance shift. This effect is prominent until the first monolayer forms around the plasmonic transducer. After formation of the first monolayer, the accumulation of matter around the transducer starts to increase significantly the effective refractive index around the sensor, shifting the resonance accordingly. With the help of numerical simulations, we were able to estimate the number of molecules adsorbed onto the sensor and hence the corresponding mass. A limit of detection of 4 zg was observed using the longitudinal mode of a dimer of gold nanoparticles. To the best of our knowledge, this value is the lowest amount of matter ever detected using a plasmonic platform and is comparable to state-of-the-art mechanical mass sensors. This device can hence be seen as an optical molecular weighing scale.

Furthermore, our approach is based on simple nanofabrication processes (optical lithography, chemical etching), which are easily up-scalable and compatible with parallel reading for high-throughput screening. The hybrid sensor shown here is built on a glass substrate, allowing the generation of quasi-Bessel beams only in air. [START_REF] Martin | Intense Bessel-like beams arising from pyramid-shaped microtips[END_REF] However, our fabrication process is transferable to higher index transparent materials such as titanium dioxide. Such a structure would be compatible with real-time sensing measurements inside a flow of fluid.

Experimental section

Nanosensor fabrication

The array of hybrid photonic-plasmonic nanosensors is made by the following method. [START_REF] Martin | Intense Bessel-like beams arising from pyramid-shaped microtips[END_REF][START_REF] Barbillon | Detection of chemical molecules with integrated plasmonic glass nanotips[END_REF] (i) A glass coverslip is cleaned using a piranha solution (H 2 SO 4 :H 2 O 2 , 1:3) in order to create hydroxide groups at the glass surface.

(ii) A monolayer of aminopropyltrimethoxysilane (APTMS) is then grafted on the surface in anhydrous toluene under an argon atmosphere.

(iii) Gold nanoparticles with a 50 ± 5 nm diameter are chemically synthesized using the method described by Murphy. [START_REF] Jana | Evidence for Seed-Mediated Nucleation in the Chemical Reduction of Gold Salts to Gold Nanoparticles[END_REF] Then, they are grafted onto the APTMS layer by amine-citrate-gold links.

(iv) This grafted GNP monolayer is covered by a positive photoresist (S1813 photoresist, thickness 1.1 µm). Then the sample is baked at 115 • C during 90 s to evaporate the residual solvent and relax residual stress.

(v) The sample is irradiated by a holographic pattern created through the interference of two beams. The period of the pattern is tunable between 1 and 10 µm. Typically, the chosen period is 4 µm. The beam used is the 458 nm line of an argon laser, the power is 3.5 mW and the irradiation time is 150 s. Then, the sample is rotated by 90 o and irradiated under the same conditions in order to obtain a chessboard pattern. Square holes appear in the resist after development.

(vi) A buffered hydrofluoric acid isotropic etching step creates an array of pyramids in the substrate. The residual photoresist protects the GNPs located at their apex. With an optimized etching time, well-defined micropyramids with few GNP sitting at their apex are obtained.

(vii) Finally, the photoresist is lifted-off using acetone, followed by final cleaning step (IPA, water).

Optical setup and measurements

Extinction spectra have been measured using a home made transmission microscope, coupled to a spectrometer by a multimodal optical fiber. The excitation is performed with a slightly focused (Numerical Aperture NA=0.2) halogen lamp. The transmitted light is collected by a x100 air objective lens (NA=0.9) coupled to a tube lens with a focal length of 150 mm, conducting to a x83 magnification ratio. Spatial filtering of the transmitted light is ensured by a multimodal fiber (62.5 µm core) acting as a confocal pinhole. This yields to a collection spot diameter smaller than 1 µm, allowing a single hybrid nanosensor measurement. The light is finally analyzed with a monochromator coupled to a CCD camera.

A background (Bkgd) measurement is acquired without any excitation light. For each measurement, a reference I 0 is first taken on a closely located quasi-axicon lens without any GNP on its top. Using a close position for the reference allows us to assume that both lenses experienced the same etching conditions, leading to similar shapes and hence optical properties. The signal I is then collected from the transducer. We typically averaged 10 spectra with an acquisition of 2 s each. The extinction spectra is calculated using the usual formula:

Q ext = -log I -Bkgd I 0 -Bkgd (2) 
A Savitzky-Golay smoothing process (second degree polynomial function over 51 points) is performed on the spectra to decrease the measurement uncertainty to ± 3 nm.

Figure 1 :

 1 Figure 1: a) Principle of the hybrid sensor: a quasi-axicon glass lens (micropyramid) with a single GNP on top. b) Dark-field image of an array of quasi-axicon lenses (scale bar 4 µm). c-e) SEM images (scale bar 500 nm) of quasi-axicon lens with c) zero, d) one and e) two gold nanoparticles on top, and their corresponding extinction spectrum. The experimental spectra (gray curves) are compared with d) Mie theory for a single sphere of 50 nm, and e) DDA calculations for two spheres of 50 nm with a gap of 0.7 nm (thick black curves).

Figure 2 :

 2 Figure 2: Sensing procedure. Step 0: pristine sample. Step 1: Optical measurement. Step 2: 100 µL of pyridine is taken. The concentration is increased 5-fold each cycle, starting from 10 -15 mol.L -1 . Step 3: Pyridine is deposited on the sample. Step 4: The evaporation of the solvent concentrates the pyridine molecules on the axicon lenses. The cycle starts again with a new optical measurement. Insets: optical images (15 × 15µm 2 ) corresponding to the different steps.

Figure 3 :

 3 Figure 3: a) Raw data from the optical measurement on gold monomer: pristine sensor (upper curve) and sensor exposed to a pyridine concentration of 10 -7 mol.L -1 (bottom curve). The thick black line is the result of a smoothing of the raw data. b) Plot of the LSPR shift ∆λ as a function of the pyridine concentration. Inset: SEM image of the sensor. c) Same as (a) for a gold dimer. d) Plot of the LSPR shifts for longitudinal (red curve) and transverse (blue curve) modes plotted as a function of the pyridine concentration. Inset: SEM images, scale bar is 50 nm.

Figure 4 :

 4 Figure 4: a) Principle of the FDTD calculation. b) FDTD calculated extinction spectra for a 50 nm monomer. c) FDTD calculated extinction spectra for a 2x50 nm dimer with a gap of 0.7 nm. d-f) Plots of the LSPR shift ∆λ for monomer (d), dimer transversal mode (e) and longitudinal mode (f) as a function of either the pyridine concentration or the number of adsorbed molecules as calculated by FDTD.

  [START_REF] Gandubert | Assessment of 4-(dimethylamino) pyridine as a capping agent for gold nanoparticles[END_REF] • mol -1 ) ∆λ 2 (nm) K 2 (10 9 • mol -1 )

	Monomer	18.5 ± 1.4	1.6 ± 0.14	28.5 ± 1.6	3.2 ± 0.82
	Dimer (transversal)	9.3 ± 0.3	2.4 ± 0.32	39.3 ± 0.3	4.0 ± 0.15
	Dimer (longitudinal) 15.7 ± 0.2	6.4 ± 0.52	46.1 ± 0.3	2.5 ± 0.07

Table 2 :

 2 Performance metrics calculated or reported for our sensors and for two SPR sensors from the literature. Values with a ∼ sign are estimates.

		Monomer	Dimer transversal	Dimer longitudinal	SPR 27	SPR 28
	S (nm/RIU)	168	171	221	32000	∼ 2000
	FOM	1.3	2.2	2.8	330	50
	LoD (# of molecules)	1000	5000	30	-	-
	LoD (mass)	131 zg	655 zg	4 zg	∼ 10 ng	200 ag
		79 kDa	395 kDa	2.4 kDa	6 × 10 12 kDa 10 5 kDa

zg N
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