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Spectroscopy of individual Brownian nanoparticles in real-time using holographic localization

Individual nanoparticle spectroscopic characterization is fundamental, but challenging in liquids. While confocal selectivity is necessary to isolate a particle in a crowd, Brownian motion constantly offsets the particle from the light collection volume. Here, we present a system able to acquire holograms and reconstruct them to precisely determine the 3D position of a particle in real time. These coordinates drive an adaptive system comprising two galvanometric mirrors (x,y, transverse directions) and a tunable lens (z, longitudinal) which redirect light scattered from the corresponding region of space towards the confocal entrance of a spectrometer, thus allowing long spectral investigations on individual, freelymoving particles. A study of the movements and spectra of individual 100 nm Au nanoparticles undergoing two types of aggregations illustrates the possibilities of the method.

Introduction

Most nanostructured materials fabricated using bottom-up approaches, e.g. synthetic batches of Nanoparticles (NPs), typically include a broad diversity of individual objects in terms of size, morphology and composition. Studying structure-activity relationships within such diverse assemblies is hardly possible using conventional ensemble-averaged measurements. A detailed and accurate understanding of the chemical performances of nano-structured materials thus calls for individual, nanoscale probing of chemical reactions.

Among these strategies, several optical microscopy configurations with single object sensitivity have been recently proposed [START_REF] Atlan | Heterodyne holographic microscopy of gold particles[END_REF][START_REF] Brasiliense | Correlated Electrochemical and Optical Detection Reveals the Chemical Reactivity of Individual Silver Nanoparticles[END_REF][START_REF] Lindfors | Detection and Spectroscopy of Gold Nanoparticles Using Supercontinuum White Light Confocal Microscopy[END_REF][START_REF] Jacobsen | Interferometric optical detection and tracking of very small gold nanoparticles at a water-glass interface[END_REF][START_REF] Kukura | High-speed nanoscopic tracking of the position and orientation of a single virus[END_REF][START_REF] Luo | Wavelength-dependent differential interference contrast microscopy: Multiplexing detection using nonfluorescent nanoparticles[END_REF][START_REF] Nguyen | Gradient light interference microscopy for 3D imaging of unlabeled specimens[END_REF][START_REF] Lehui | Direct observation of nanoparticle self-assembly dynamics at the water-air interface using differential interference contrast microscopy[END_REF][START_REF] Xiao | Determining the Full Three-Dimensional Orientation of Single Anisotropic Nanoparticles by Differential Interference Contrast Microscopy[END_REF][START_REF] Bon | Three-dimensional nanometre localization of nanoparticles to enhance superresolution microscopy[END_REF][START_REF] Bon | Self-interference 3D super-resolution microscopy for deep tissue investigations[END_REF] . However, the optically inspected NPs are mostly static objects immobilized on a surface, in a gel-like matrix, or fabricated using top-down approaches. Immobility is indeed essential to provide sufficient instrument integration time when imaging faint objects [START_REF] Smith | Identification of a Critical Intermediate in Galvanic Exchange Reactions by Single-Nanoparticle-Resolved Kinetics[END_REF][START_REF] Smith | Situ Single-Nanoparticle Spectroscopy Study of Bimetallic Nanostructure Formation[END_REF][START_REF] Cathcart | LSPR Tuning from 470 to 800 nm and Improved Stability of Au-Ag Nanoparticles Formed by Gold Deposition and Rebuilding in the Presence of Poly(styrenesulfonate)[END_REF][START_REF] Sönnichsen | Spectroscopy of single metallic nanoparticles using total internal reflection microscopy[END_REF][START_REF] Evans | Controlled Growth of Nanoparticles from Solution with In Situ Liquid Transmission Electron Microscopy[END_REF][START_REF] Jung | Binding and dissociation kinetics of wild-type and mutant streptavidins on mixed biotin-containing alkylthiolate monolayers[END_REF] , and very few techniques can study moving objects [START_REF] Orrit | Label-free plasmonic detection of untethered nanometer-sized brownian particles[END_REF] . As a consequence, measurements are often performed at surface-tethered NPs, removing the complexity of bulk chemical processes and replacing them with interfacial processes. While particularly useful to study interfacial chemistry, or electrochemistry [START_REF] Hoener | Plasmonic Sensing and Control of Single-Nanoparticle Electrochemistry[END_REF][START_REF] Kanoufi | Electrochemistry and Optical Microscopy[END_REF][START_REF] Wang | Imaging the chemical activity of single nanoparticles with optical microscopy[END_REF][START_REF] Wilson | Nanoscale optical imaging in chemistry[END_REF] , these techniques cannot be applied to the most important type of liquid-phase nanochemistries, which involve Brownian NPs, freely diffusing in reactive solutions. Optical tweezers offer an interesting way to trap particles within the volume rather than at the surface, and allow long spectral integrations. The diffusion of the object in its environment is then hindered, which can arguably alter its interaction with chemical gradients, electrodes, etc., but optical tweezers are minimally invasive and offer a valuable tool to monitor NP spectra.

Tracking changes of the shape and composition of freely-moving individual NPs in solutions, while they are fabricated, transformed, or destroyed, is crucial. Hydrodynamic size measurements obtained via confocal measurements or optical nanoparticle tracking analysis strategies are a valuable option to monitor hydrodynamic radii, and measure NP size increase or dissolution (during polymer, metal, or oxide NP syntheses). However, whenever a chemical composition change is involved, a complementary spectroscopic identification is extremely valuable. UV-Vis spectroscopy is commonly used to probe the dynamics of chemical transformations in NPs ensembles, particularly in the case of plasmonic NPs.

At the individual NP scale, however, spectroscopic strategies usually break down due to conflicting experimental constraints: to study individual NPs in a solution, spatial selectivity is necessary to isolate the targeted object from contributions coming from surrounding particles. This is usually achieved through confocal detection, which reduces the collection volume. However, in order to acquire a spectrum on an individual, weakly scattering NP, a relatively long integration time is necessary (typ. =10-1000 ms, even more for small NP or when high signal-to-noise ratios are required), all the more so as photons of different wavelengths are spread on the pixels of the spectrometer. During this spectrometer integration time, a NP in a solution stochastically travels by an average distance (where D is the diffusion coefficient) of the order of one to tens of micrometers: most Brownian NPs exit the confocal light collection volume before the end of the spectral acquisition.

Several methods able to perform spectroscopy on moving objects, either in postprocessing, or in real time, have emerged, most of them relying on the grafting of a fluorescent molecule to the targeted object. Various solutions have been proposed to obtain the position of the object at fast rates, up to the kHz, which is particularly challenging along the z-direction, a family of methods known as Real Time 3D Single Particle Tracking (RT-3D-SPT). Mechanically or optically, the spectral collection region can then be adjusted to monitor the particle. While these methods are very fast and accurate, they still require relatively heavy instrumental developments and are usually limited in terms of accessible depth. The use of surface-grafted fluorophores can be a hindrance when studying surface NP modifications, and the associated limit imposed by bleaching arguably constrains the compromise between monitoring time and accuracy. Although its sensitivity does not allow single molecule detection, digital holography offers an interesting label-free alternative to monitor the 3D position of NPs. It can provide information on the size and refractive index of NPs, and transformations such as e.g. swelling or binding. Two approaches coexist for the determination of the 3D position, relying either on optical reconstructions, or direct analysis of the holograms through machine learning, or a comparison to calculated holograms.In this paper, we propose a system which leaves the Brownian particle free to explore its environment and takes advantage of 3D NP superlocalization strategies based on digital holography to retrieve its 3D position. Based on a fast optical reconstruction, the coordinates of the object are calculated in real time and fed to an adaptive optical system which adjusts the position of the confocal collection volume of a spectrometer along the x, y (with galvanometric mirrors) and z (with a tunable lens) directions. After a characterization of instrument performances, we illustrate the possibilities of the method by tracking and acquiring the spectra of individual moving objects over 50 s.

Experimental setup

The system described in Fig. 1 comprises two complementary optical paths, respectively dedicated to holographic localization and to adaptive spectroscopy.

Holographic detection

The holographic part is illuminated by a λ = 532nm, continuous, doubled Nd:YAG laser (Spectraphysics Millenia pro 15 W) which is split into 2 arms by a polarizing beam splitter after having passed through a /2 waveplate allowing to tune the power-splitting ratio. The first beam (object beam) is coupled into single mode fiber using a 16x microscope objective. At the output of the fiber, the beam is collimated (Thorlabs CFS2-5832-FC) and sent, in normal incidence, into an equilateral prism (45-45-90°) and arrives to a glass-based microfluidic chamber attached to the prism by index-matching oil. Light reaches the waterfilled chamber at 45°, below the total reflection angle of the glass-water interface (60°), but above that of the glass-air interface (42°). The beam therefore traverses the solution in the chamber, but is reflected off the last glass-air interface, and lost. Only the light scattered by the NanoParticles (NPs) is collected over a dark background by the objective (Olympus LUCPlanFLN 60x, 0.7 N.A.). This light passes through a bandpass dichroic mirror which only transmits light at 532 nm (Semrock NFD01-532, =50 nm). A bandpass filter (532 nm =50 nm, Thorlabs) eliminates remaining light at other wavelengths before it reaches the camera. There, it can interfere with the second beam (reference beam), from the same laser, owing to the relatively long coherence range (cm) of the single-longitudinal-mode laser. This reference beam is injected in the microscope at an angle of the order of 1.5° with respect to the optical axis, using a 30:70 non-polarizing beamsplitter (Thorlabs) which only reflects 30% of the power of the reference. While 70% of the reference power is lost, this ensures that 70% of the (scarce) scattered object beam is transmitted, and is definitely not problematic since the remaining reference power is more than enough to saturate the camera. The resulting interference, the hologram, displays ~20 µm-spaced fringes due to the angle of the reference beam in the off-axis configuration [START_REF] Atlan | Heterodyne holographic microscopy of gold particles[END_REF][START_REF] Gross | Noise and aliases in off-axis and phase-shifting holography[END_REF] . As shown in earlier works [START_REF] Verpillat | Dark-field digital holographic microscopy for 3D-tracking of gold nanoparticles[END_REF][START_REF] Absil | Photothermal heterodyne holography of gold nanoparticles[END_REF][START_REF] Martinez-Marrades | Stochastic 3D optical mapping by holographic localization of Brownian scatterers[END_REF] , the interference is proportional to the product of the object and reference amplitudes. While the former is faint when studying NPs, the second can be easily increased, thus providing an efficient detection of faint signals close to the photon noise limit 1 . 

Holographic reconstruction and localization

The holograms acquired by a sCMOS camera (Andor Zyla) at a frame rate of 10 Hz, are reconstructed using the angular spectrum method [START_REF] Clerc | Numerical heterodyne holography with twodimensional photodetector arrays[END_REF][START_REF] Yu | Wavelength-scanning digital interference holography for tomographic three-dimensional imaging by use of the angular spectrum method[END_REF] , as depicted in Fig. 1 (bottom). Since both the reference and object waves are affected by residual phase curvature, the hologram is multiplied by a complex, spherical phase matrix of the form , where d is the radius of curvature of the wavefront, a parameter which can be adjusted to ensure proper focusing in the Fourier space, i.e. sharp edges within the dashed circles of fig. 1, whenever the curvature of the reference is modified. In the Fourier space, or wave vectors k-space, the relevant interference order is isolated (other pixels are set to 0) and centered, thus removing most electronic noises (along the axes) or non-coherent backgrounds (near the central zero frequency). The resulting matrix is then propagated to the desired z i -plane upon multiplication by , where is the wave number along the propagation direction z, and then inverse-Fourier-transformed to the real space. The same procedure can be repeated for several values of z i in order to reconstruct a volume.

Like their fluorescence-based counterparts [START_REF] Bon | Self-interference 3D super-resolution microscopy for deep tissue investigations[END_REF][START_REF] Betzig | Imaging intracellular fluorescent proteins at nanometer resolution[END_REF][START_REF] Rust | Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM)[END_REF][START_REF] Hess | Ultra-high resolution imaging by fluorescence photoactivation localization microscopy[END_REF] scattering NP localization methods can offer sub-pixel localization accuracies [START_REF] Crocker | Methods of digital video microscopy for colloidal studies[END_REF] by estimating the center of mass of the pixels to obtain NP position. In the particular case of holography, some methods are based on correlations with banks of simulated holograms , and/or on deep learning procedures [START_REF] Lee | Characterizing and tracking single colloidal particles with video holographic microscopy[END_REF][START_REF] Sheng | Digital holographic microscope for measuring threedimensional particle distributions and motions[END_REF][START_REF] Yang | Application of the correlation coefficient method for determination of the focal plane to digital particle holography[END_REF][START_REF] Rivenson | Deep learning in holography and coherent imaging[END_REF][START_REF] Liu | Deep learning-based super-resolution in coherent imaging systems[END_REF][START_REF] Trujillo | Automatic detection and counting of phase objects in raw holograms of digital holographic microscopy via deep learning[END_REF][START_REF] Midtvedt | Quantitative digital microscopy with deep learning[END_REF] in order to obtain the NP position without reconstructing the hologram. Our method [START_REF] Verpillat | Dark-field digital holographic microscopy for 3D-tracking of gold nanoparticles[END_REF][START_REF] Martinez-Marrades | Stochastic 3D optical mapping by holographic localization of Brownian scatterers[END_REF] uses a reconstruction and a 3D fit to precisely localize the NPs. To initiate the procedure, the particle to be tracked is selected by the user using holograms reconstructed in real-time, in the focal plane. Centered on this position, a N x .N y .N z parallelepiped subset (with N x =N y ) of the voxels of the reconstructed hologram is isolated to reduce (super)localization computation times. In subsequent iterations, the previous position is used to define the center of this subset of data. In the object space, the corresponding volume must be larger (typ. 3-4 times) than the mean displacement of the Brownian particle during the measurement period T. To give an order of magnitude, for a 10 Hz rate, T=100 ms, this typically amounts to for a d=100 nm hydrodynamic diameter particle in a =4 cP viscosity solution, where is the Stokes-Einstein diffusion coefficient. As detailed below, N x =N y and N z are adapted to this constraint and to the magnification of the system. In each of the N z planes, pixel values are summed over a sliding 2x2 window to constitute a (N x -1) by (N y -1) matrix, a smoothing process which reduces the influence of pixel noise as compared to a simple maximum value detection. The position of the maximum value determines the x, y, z position of the particle. Whenever necessary for better precision but longer calculation time, a second superlocalization step can be performed by saving and post-processing holograms. There, the z-position is given by the maximum of a parabola (i.e. a good approximation of the PSF intensity along z) fitted on the values of the 2x2 maxima in each z plane. In the corresponding z-plane, a 2D Gaussian fit is applied to determine the x,y position of the particle.

The core of the reconstruction and localization procedure, which notably involves 2 Fourier transforms for each reconstructed plane, was programmed in CUDA language to be run on a Nvidia (Quadro M2000) Graphics Processing Unit (GPU), allowing a reduction of the calculation time by typ. 2 orders of magnitude compared to classical CPUs. In the fastest configurations, hologram reconstruction and superlocalization could be achieved in 10 ms. The output of the holographic system is therefore a set of (x, y, z) coordinates, refreshed at a rate of up to 100 Hz.

Adaptive spectroscopic system

To perform spectroscopy, the sample is illuminated using the output of a fiber-coupled white xenon-arc lamp (Eurosep Spot.IL.5310), collimated by two lenses (f 1 '=50 mm and f 2 '= 40 mm). A notch filter (532 nm =50 nm, Thorlabs) removes light around 532 nm. This non-coherent light cannot interfere with the laser reference, and would therefore be eliminated from the off-axis hologram at the numerical filtering step [START_REF] Gross | Noise and aliases in off-axis and phase-shifting holography[END_REF] . However, as it can contribute to a strong background in the holographic image, filtering it out optimizes the useable dynamics on the sCMOS camera. Using the other side of the glass prism attached to the sample (see Fig. 1), the remaining part of the white-lamp spectrum illuminates the microfluidic chamber and the nanoparticles before being reflected off at the last glass-air interface. Again, only light scattered by the particles is collected. It passes through f 3 '=125 mm and f 4 '=75 mm lenses (bypassing the tube lens of the Olympus microscope) and reaches, quasi-collimated, 2 galvanometric mirrors (Cambridge Technologies) driven by voltages (V x and V y ) generated by an analog I/O interface (National Instruments). A Notch filter centered at 532 nm filters out any remaining laser light. A tunable lens (Optotune, driven by the same I/O interface) and a f 5 '= 150 mm lens focus this light at the entrance fiber (N.A. 0.2) of a spectrometer (Andor Shamrock 303i) coupled to an Andor iXon EMCCD camera. The focusing plane of the microscope objective is thus conjugated with the fiber entrance when no current (I z =0) is injected in the tunable lens. Electrical currents I z in the [-300; 300 mA] range correspond to [-4.5; 4.5 m -1 ] -range lens optical powers, thus allowing to change the conjugated plane along the optical axis (z). Changing the voltages (V x , V y ) on the galvanometric mirrors modifies the position of the spot conjugated with the entrance of the fiber along the x and y directions. This system typically allows to conjugate the entrance of the fiber with any position within a 300x300x10 µm 3 portion of the object space.

System characterization

Coupled together, these subsystems therefore allow the determination of the 3D position of a nanoparticle by holography and, in real time, a 3D adjustment of the region of the object space conjugated with the entrance of the spectrometer.

Adaptive optics position calibration

Over the relevant position range, the relationship between the electrical variables (V x , V y , I z ) and the corresponding (x, y, z) coordinates in the holographic object space can be approximated as linear (see S.I.), and are associated through a (4x3) transformation matrix (note the constant term 1 in the right-hand vector, which describes additive terms): (V x, V y , I z )= (1, x, y, z). 

In practice, non-diagonal terms in the matrix  are non-negligible: changes in e.g. V x affect x, but also, to a lesser extent, y and z. All 12 terms of the matrix must therefore be determined by calibration, using a minimum set of 12 measurements. A single 100 nm nanoparticle (prepared by evaporation of a diluted NP solution) on a glass substrate is placed at several positions in the object space using micrometric stages. For each particle position, (x i , y i , z i ) coordinates are determined using the procedure described in section 2.2. The electrical values (V x , V y , I z ), and therefore the position of the collection zone, are then scanned, and the total optical intensity I opt (V x , V y , I z ) on the spectrometer is measured. The (V x,i , V y,i , I z,i ) corresponding to the maximum of I opt , i.e. the center of the collection zone, are associated to the (x i , y i , z i ) coordinates of the particle. After n measurements, positions (P) and electrical values (E) matrices can be built as :

, and , with E=P..

A set of measurements (n≥12) allows the determination of the 12 elements of  using a regression, with =(P'P) -1 P'E, and P' the transpose of matrix P. Subsequently, the matrices  and  -1 therefore allow a quick and reliable transformation from electrical values to position, and conversely.

Collection Point Spread Function (PSF)

The region of the object space conjugated with the spectrometer constitutes the white-light collection PSF. Its size is essentially driven by the collection optics and the core diameter of the spectrometer entrance fiber. To measure it, an isolated 100 nm Au particle was placed at the center of the field of view and illuminated with white light. The total spectrometer intensity I(V x , V y , I z ) was measured (N.A.=0.7) while scanning the electrical parameters, and converted to I(x, y, z) using matrix . The resulting measurement, shown in Fig. 2c for a 50 µm-diameter collection fiber core, gives a good approximation of the collection PSF, with 1.8 µm lateral and 6.6 µm axial FWHM sizes. A similar measurement conducted using a 25 µm diameter fiber yielded 1.1 µm lateral and 3.4 µm axial FWHM sizes. The choice of the fiber core size is therefore a compromise between the statistical risk of having more than one particle within the collection PSF (for large-core fibers) and having the particle exit the confocal volumes between two subsequent corrections of the collection position. In the following experiments, the use of diluted solutions led us to favor the latter constraint by adopting a 50 µm-core fiber.

Holographic localization precision

Whether based on fluorescence or holography, the performances of superlocalization are limited by a variety of factors, most notably photon noise [START_REF] Thompson | Precise Nanometer Localization Analysis for Individual Fluorescent Probes[END_REF] . The localization precision was estimated using the same immobilized 100 nm particle. The fine, parabola fitting-based localization algorithm described in 2.2 was used to analyze1000 holograms measured over 100 s (10 Hz frame rate) in post-processing (i.e. not in real time). The resulting x, y and z positions are shown in Fig. 2a and2b. A low-frequency drift attributed to thermo-mechanical drifts is clearly visible, while higher frequency variations can be ascribed to localization noises. After high-pass filtering (substraction of the component shown in blue), the histograms of the localization positions indicate precisions of 12 nm in the x, y plane and 80 nm along the z (optical axis) direction. These accuracies are above the physical limits estimated using reference [START_REF] Thompson | Precise Nanometer Localization Analysis for Individual Fluorescent Probes[END_REF] (2.1 along x,y and 6.8 nm along z), but remain 2 orders of magnitude smaller than the size of the collection PSF, and therefore more than sufficient to adjust the position of the adaptive system. More importantly, this high-precision tracking provides direct access to Mean Square Displacement (MSD) and therefore to the estimation of the hydrodynamic radii of particles. 

Computing times

As described in 2.2, the reconstruction of the hologram is parallelized using GPU calculations programmed in the CUDA language. In our configuration, the camera plane is nearconjugated with the sample plane (as opposed to infinity conjugation). The hologram of the particle is therefore recorded on a limited region of the sensor, which can be cropped for faster reconstruction. Figure 2d shows the reconstruction times obtained for 16x16 and 32x32 pixels cropping with various numbers of reconstructed z-planes. The latter parameter, which drives the number of Fourier transforms to be calculated, clearly has a major influence on the calculation time. The fastest calculation times (albeit delivering sufficient localization precisions), 10 ms, i.e. up to 100 Hz rates, were obtained using 16x16x8 voxels. Since the available computer RAM limits the total number of holograms which can be stored (8 Gb - 500 holograms in our case), slower frame rates can also be used when monitoring long experiments: most experiments shown below were carried out at a rate of 10 Hz. In order to validate this system, the fiber input of the spectrograph was removed and replaced by a second camera (Thorlabs DCC1545M) in order to observe the movements of the image of the NP. As shown in Fig. 3, a freely moving 100 nm Au NP in a η = 2 cP water:glycerol mixture underwent a movement across approx. 5 µm during the 5 s of the experiment, as determined using the holographic tracking system. In the plane of the second camera, this movement is corrected by the adaptive system. As shown in Fig. 3 c-d), the image of the NP stays fixed within an error range <1 µm, which is clearly sufficient to allow a stable light collection by the fiber of the spectrometer.

Spectroscopy of moving objects

Experimental validation of the tracking system

Real-time spectroscopy of moving nanoparticles

After this validation, the spectrometer entrance fiber was put back to replace the second camera, and spectra were acquired in real time on similar, freely-moving 100 nm Au NPs in (η = 2 cP) water:glycerol. As shown in Fig. 4, two types of Brownian objects were observed. In both cases, the trajectory of the NP is obtained as the particle moves in 3D over several tens of microns, and spectra are obtained at each instant during these 50 s. The trajectory of the NPs was analyzed using a Mean Square Displacement analysis [START_REF] Qian | Single particle tracking. Analysis of diffusion and flow in two-dimensional systems[END_REF] taking into account the viscosity of the medium, and yielded a size of 105 nm ±10 nm in the first case (Fig. 4 a,b), which is clearly compatible with 100 nm Au NPs. The spectral measurement of Fig. 4b) shows a resonance at 580 nm, typical of the plasmon resonance of a 100 nm Au particle [START_REF] And | Size and Temperature Dependence of the Plasmon Absorption of Colloidal Gold Nanoparticles[END_REF] . The second object (Fig. 4 c,d) corresponds to a 220 nm hydrodynamic radius, which points at an aggregate of 2 or more NPs. The spectrum of Fig. 4d) is more complex, and arguably shows 2 peaks, as well as a larger (approx. x10) scattering efficiency. The first peak (580 nm) coincides with the scattering spectrum of a single particle, while the second peak, at a longer wavelength (655 nm), points at a larger object like an aggregate. These 3 independent measurements (position, spectrum, scattering intensity) clearly indicate that the second object is not a single Au NP, and most likely a small irregular aggregate comprising two or more NPs in which Brownian rotation leads to the excitation of single-particle modes (580 nm) as well as multiple-particle modes (655 nm).

Single NPs and homoaggregates

Single NPs and heteroaggregates

While this type of spontaneous aggregation is common, several types of pH-, light-or saltinduced aggregation can also be achieved [START_REF] Nam | pH-Induced Aggregation of Gold Nanoparticles for Photothermal Cancer Therapy[END_REF][START_REF] Sun | Salt-induced aggregation of gold nanoparticles for photoacoustic imaging and photothermal therapy of cancer[END_REF][START_REF] Christau | Salt-Induced Aggregation of Negatively Charged Gold Nanoparticles Confined in a Polymer Brush Matrix[END_REF][START_REF] Ikbal | Light-Induced Aggregation of Gold Nanoparticles and Photoswitching of Silicon Surface Potential[END_REF] . Here, we used KCl salt (0.1 M) to induce aggregation between negatively charged NPs in a solution comprising both 100 nm (66 fM concentration) and 5 nm (8 nM) gold nanoparticles. Fig. 5 shows the tracking of a single object, initiated after the injection of KCl salts into a chamber containing 100 nm NPs and 5 nm NPs. The evolution of the resonance wavelength (Fig. 5c), as well as the spectra acquired at t = 1 s and t= 30 s (5b) indicate a progressive redshift and a slight broadening of the scattering spectrum of the object. The absence of multiple peaks (as previously observed in 4d) as well as the continuous evolution of the resonance wavelength clearly indicate progressive nanoparticle growth. An estimation of the size of the NPs using an MSD analysis of the trajectory shown in Fig. 5a over a sliding 10 s window indicates an average rate of 2 nm/s in diameter. These observations and the spectral shift are both consistent with a progressive aggregation of 5 nm NPs onto the 100 nm (initial size) NP under investigation, once aggregation is triggered by KCl. Due to the large concentration difference (5 orders of magnitude), the aggregation between 100 nm NPs is indeed quite unlikely compared to the aggregation of 5 nm particles, between themselves and/or with 100 nm NPs. 

Conclusion

The spectroscopic system presented here is able to acquire the spectrum of individual NPs over up to 1 min if the holograms need to be stored for post-processing (our 8 Gb RAM buffer is saturated beyond this limit -which can easily be extended by adding memory). However, if holograms are discarded and only the 3D coordinates and spectra of the object are saved, this time limit disappears and a given particle can be followed indefinitely. It should be noted that the spectrum acquisition rate can be entirely decorrelated from the 3D tracking rate. As the particle stays within the confocal volume while the adaptive system is active, each spectrum can be accumulated over several seconds if necessary, which is particularly useful to limit readout noises in the case of faint signals. As such, this system offers a promising tool to study chemical events at the individual scale, including growth, shape changes, or composition changes in e.g. galvanic exchanges. Beyond linear effects, this system which allows long spectroscopic acquisitions opens the possibility to monitor dim scattering processes, including Surface Enhanced Raman Scattering (SERS), and opens new analytic possibilities at the scale of individual nanoobjects in solutions.

Fig. 1

 1 Fig. 1 Experimental setup. Lenses L1 to L7: f1'= 50 mm, f2'= 40 mm, f3'= 125 mm, f4'= 75 mm, f5'= 150 mm, f6'= 180 mm (tube lens), f7'= 100 mm. BP: Band Pass. (N)PBS: (Non) Polarizing Beam Splitter

Fig. 2 :

 2 Fig.2: a) evolution of the x, y and z coordinates obtained by holographic superlocalization of a 100 nm Au nanoparticle immobilized on a glass substrate measured during 100 s at a 10 Hz rate (red). The blue dashes correspond to a low-pass filtering of this data, which is attributed to low-frequency thermal drifts. b) Histogram of the same data, after subtraction of these low frequency drifts. The FWHM of these histograms indicate localization precisions of 12 nm in the x, y plane, and 80 nm along the optical axis z. c) Pseudo-3D rendering of the white light collection PSF, measured using a 100 nm Au particle and scanning the galvanometric mirrors and tunable lens to measure the total light collected by the spectrometer in the object space. d) Computing times associated to holographic reconstruction and localization of a single NP, on a Nvidia Quadro M2000 GPU, for various reconstruction volume sizes.

Fig. 3

 3 Fig.3Validation of the adaptive tracking system on a single 100 nm Au nanoparticle freely moving in a water:glycerol (η = 2 cP) mixture. a) Hologram at t=0 (12 µm x 12µm), overlaid with the trajectory of the NP. b) Brownian trajectory of the particle determined using the holographic localization procedure described in 2.1-2 over a duration of 5 s. c) Image on a camera placed at the position of the entrance fiber of the spectrometer. The white light image of the NP is acquired while the holographic tracking and adaptive system are on. The overlayed trajectory of the image center of mass shows that Brownian movements are compensated. d) Displacement of the position of the NP with respect to t=0 in the object plane (red) and in the plane of the camera placed after the adaptive system (blue), both in object plane units (µm). Scalebar: 2 µm.

Fig. 4 :

 4 Fig. 4: Simultaneous tracking and spectroscopy of Brownian nanoparticles in a suspension of 100 nm Au NPs. a) 3D trajectory of a NP tracked at 10 Hz over 50 s. The MSD analysis yields a 105 nm hydrodynamic radius. b) Average of 10 consecutive spectra (among 500 individual spectra recorded during the experiment) acquired over 1 s at 10 Hz. The red line is a polynomial fit to the measurements (dots), only intended as a guide for the eye. The ca. 580 nm resonance is typical of 100 nm Au NPs. c) Trajectory of another NP over 50 s. The MSD analysis yields a 220 nm hydrodynamic radius. d) Spectrum of the same NP. The broader and more complex spectrum indicates an aggregate of 2 or more Au NPs.Tracking and spectroscopy experiments were carried out in a 100 nm Au NP-only solution, using a holographic reconstruction (and adaptive loop feedback) frame rate of 10 Hz. NP positions (shown in Fig.4 a) and c)) and spectra (Fig.4 b) and d)) were acquired at the same frame rate of 10 Hz, using a 90 ms integration time for spectroscopy. To improve signal-tonoise ratios, the spectra shown in Fig.4 b) and d) correspond to averages of 10 consecutive spectra taken in the middle of the 50 s-long experiments (this SNR therefore corresponds to an effective 1 Hz frame rate for the spectroscopy).As shown in Fig.4, two types of Brownian objects were observed. In both cases, the trajectory of the NP is obtained as the particle moves in 3D over several tens of microns, and spectra are obtained at each instant during these 50 s. The trajectory of the NPs was analyzed using a Mean Square Displacement analysis[START_REF] Qian | Single particle tracking. Analysis of diffusion and flow in two-dimensional systems[END_REF] taking into account the viscosity of the medium, and yielded a size of 105 nm ±10 nm in the first case (Fig.4 a,b), which is clearly compatible with 100 nm Au NPs. The spectral measurement of Fig.4b) shows a resonance at 580 nm, typical of the plasmon resonance of a 100 nm Au particle[START_REF] And | Size and Temperature Dependence of the Plasmon Absorption of Colloidal Gold Nanoparticles[END_REF] . The second object (Fig.4 c, d) corresponds to a 220 nm hydrodynamic radius, which points at an aggregate of 2 or more NPs. The spectrum of Fig.4d) is more complex, and arguably shows 2 peaks, as well as a larger (approx. x10) scattering efficiency. The first peak (580 nm) coincides with the scattering spectrum of a single particle, while the second peak, at a longer wavelength (655

Fig. 5 :

 5 Fig. 5: a) Tracking of a 100 nm (initial size, concentration 66 fM) Au NP over 50 s after injection of 5 nm Au NPs (8 nM) and KCl (0.1 M). b) Spectra of the same object at t= 1 s and t= 30 s (normalized). c) Evolution of the resonance wavelength, determined as the centre of a gaussian fit on the experimental spectra.

Funding

The authors acknowledge funding from the ANR Projects Elise and Région Ile de France (Projet GeneTherm -C'Nano -DIM Nano-K 2016)

Disclosures

The authors declare no conflicts of interest.