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Nanopores combined with optical approaches can be used to detect viral particles.

In this work, we demonstrate the ability of hydrodynamical driving and optical sensing to identify and quantify viral particles in a biological sample. We have developed a simple and rapid method which requires only fluorescent labelling of the particles and can therefore be applied to a wide range of virus type. The system operates in real time and at the single particle level while providing a low error on concentration (4%) and a low limit of detection of 10 5 particles/mL for an acquisition time of 60 seconds, with the ability to increase the acquisition time to achieve a lower limit.

Introduction

The rapid and accurate quantification of viruses is crucial to gain information on viral infection processes and is still a goal to achieve in clinical and basic research. Currently commercially available assays offer noteworthy detection limits, for example 200 DNA copies/mL for quantitative commercial real-time Polymerase Chain Reaction (qPCR)-based assays 1,2 , or 6 -10 × 10 5 particles/mL for Western Blot/ ELISA assays [START_REF] Coorssen | Quantitative femto-to attomole immunodetection of regulated secretory vesicle proteins critical to exocytosis[END_REF] . In any case, these methods are time-consuming (about 24 hours for ELISA or Western Blot), too specific (ELISA and Western Blot assays can be carried out only if a primary antibody against the protein of interest is available), and sometimes inaccurate (due to off-target effects and saturation of the signal) [START_REF] Ghosh | Accuracy of Western Blots[END_REF][START_REF] Eid | Advances in Continuous Microfluidics-Based Technologies for the Study of HIV Infection[END_REF] .Therefore, they do not fully respond to the requested specifications in several fields of application such as clinical diagnosis (live monitoring of virus levels in patient samples) and basic research which may focus on different stages of the virus cycle (entry into the cell, reverse transcription, release of new virions,...). To meet demand several microfluidic and single molecule based quantification techniques are now under development [START_REF] Eid | Advances in Continuous Microfluidics-Based Technologies for the Study of HIV Infection[END_REF][START_REF] Renner | Intact Viral Particle Counts Measured by Flow Virometry Provide Insight into the Infectivity and Genome Packaging Efficiency of Moloney Murine Leukemia Virus[END_REF][START_REF] Welsh | Towards defining reference materials for measuring extracellular vesicle refractive index, epitope abundance, size and concentration[END_REF] . For instance, commercial Nanoparticle Tracking Analysis (NTA) can be used to determine concentration and size distribution of fluorescent viral particles. NTA offers a limit of detection (LOD) of 10 6 particles/mL and a manipulation time of a few hours [START_REF] Kramberger | Evaluation of nanoparticle tracking analysis for total virus particle determination[END_REF][START_REF] Nikitin | Comparative Study of Non-Enveloped Icosahedral Viruses Size[END_REF][START_REF] Steppert | Quantification and characterization of virus-like particles by size-exclusion chromatography and nanoparticle tracking analysis[END_REF] . Interferometric light microscopy can also be used to quantify viruses while measuring scattered signal and Brownian motion but the LOD is elevated (10 8 -10 10 particles/mL) [START_REF] Roose-Amsaleg | Utilization of interferometric light microscopy for the rapid analysis of virus abundance in a river[END_REF] .

An interesting compromise between a low LOD and real-time acquisition can be found in nanopore devices that have been developed in recent years and have tended to become a new standard for DNA/RNA sequencing [START_REF] Workman | Nanopore native RNA sequencing of a human poly(A) transcriptome[END_REF][START_REF] De Coster | Towards population-scale longread sequencing[END_REF] . Nanopore devices with single-molecule and real-time detection capabilities are of great interest to detect and quantify viruses as they open new avenues for the development of simpler, faster and more compact quantification alternatives. Most methods based on nanopore rely on genome detection and quantification with electrical sensing [START_REF] Mcnaughton | Illumina and Nanopore methods for whole genome sequencing of hepatitis B virus (HBV)[END_REF][START_REF] Radukic | Nanopore sequencing of native adeno-associated virus (AAV) single-stranded DNA using a transposasebased rapid protocol[END_REF][START_REF] Nguyen Quang | Dynamic nanopore long-read sequencing analysis of HIV-1 splicing events during the early steps of infection[END_REF][START_REF] Stein | Quantification of mRNA expression using single-molecule nanopore sensing[END_REF] , but optical detection is a possible alternative. In that sense, Zero-Mode Waveguide (ZMW) methods combined with nanopore have been showed to be powerful tools, as they allow enhanced DNA sequencing [START_REF] Farhangdoust | Rapid Identification of DNA Fragments through Direct Sequencing with Electro-Optical Zero-Mode Waveguides[END_REF][START_REF] Spitzberg | Plasmonic-Nanopore Biosensors for Superior Single-Molecule Detection[END_REF][START_REF] Klughammer | Palladium zero-mode waveguides for optical singlemolecule detection with nanopores[END_REF] . Some other techniques using electrical detection, are probing the virus as a whole. These techniques, refered as Resistive Pulse Sensing techniques, are based on quantifying changes in resistance using a nanoscale constriction. In practice, a voltage is applied between the two sides of the pore and when an object enters the pore the variations of the ionic current are measured [START_REF] Harms | Single-particle electrophoresis in nanochannels[END_REF][START_REF] Harms | Monitoring Assembly of Virus Capsids with Nanofluidic Devices[END_REF][START_REF] Mcmullen | Stiff filamentous virus translocations through solid-state nanopores[END_REF] . It is thus possible to detect and quantify viruses with an interesting lower practical count limit of 5.10 7 particles/mL as reported by De Blois and Wesley team [START_REF] Deblois | Sizes and concentrations of several type C oncornaviruses and bacteriophage T2 by the resistive-pulse technique[END_REF] . Interestingly, these methods can be used to obtain information on the size of the objects, and even establish size distribution profile [START_REF] Vogel | Quantitative Sizing of Nano/Microparticles with a Tunable Elastomeric Pore Sensor[END_REF] , since the variation in resistance of the pore is directly related to the sizes of the pore and of the object crossing it. Nevertheless, to date they mainly focus on the determination of particle size and not on a quantitative measurement of concentration [START_REF] Yang | Quantification of virus particles using nanopore-based resistive-pulse sensing techniques[END_REF] . This can be explained by some limitations of these systems, notably the fact that they remain too unspecific since any object passing through the pore will be detected, as well as objects that do not cross the pore but only come close to the surface and diffuse back. This represents a major bottleneck in order to quantify viral concentration.

Moreover, it can be added that electrical detection can only detect particle transport in pores that are of the same diameter that particle which increases plugging risk. This is not the case, in optical detection, where the pore can be much larger than the virus size.

Ultimately, despite these advances, a technological gap remains as there is no nanoporeoptical technique to quantify virus concentration. It should be remembered that viruses are particular biological objects and whether for techniques using electrical or optical detection, the solid state nanopores are often made of SiN or SiC which makes the virus stick to the pore.

In this work, we proposed to use hydrodynamical driving of viral particles through artificial low cost nanopores and optical detection. We developed a simple and sensitive method which required only fluorescent labelling of particles and an initial calibration of our experimental setup. It allowed us to be more specific but also versatile. Moreover, the track-etched membranes that we used were particularly relevant for this type of application since they were optimized to reduce biofouling. We showed that our setup can be used to detect biological particles and accurately determine their concentration in a small volume of biological sample with a low LOD of about 10 5 particles/mL for an acquisition time of 60 seconds (possibility to increase the acquisition time over 60 seconds to reach a lower LOD, for example about 1 hour to reach a LOD of 10 3 particles/mL). Moreover, we detected different types of viral particles and also discriminated viruses from extracellular vesicles to finally shed light on the versatility of the method.

Results and discussion

The viral particles used in this study are representative of the large range of virus population often encountered either for biotechnology application, or as pathology generator: enveloped/non-enveloped, DNA, viruses, retroviruses as detailed in Fig. 1A. As enveloped viruses, Human Immunodeficiency Virus (HIV) was used as non-infectious Virus-Like Particle (VLP) form. VLP structurally mimics the native virus but is devoid of the viral genome.

It is a promising candidate for vaccination [START_REF] Cervera | Production of HIV-1-based virus-like particles for vaccination: achievements and limits[END_REF] . VLP HIV were obtained from monoclonal human HeLa cells stably expressing Gag-GFP. Murine Leukemia Virus (MLV) was used in the form of both VLP and complete enveloped virus cultivated from NIH3T3 mouse embryonic fibroblast cells. For these two retroviruses, fluorescent labelling relied on Green Fluorescent Protein (GFP, λ exc = 488nm/λ em = 507nm) insertion into viral genome and expressed as Gag-GFP fusion 28 , which did not alter the properties of the virus [START_REF] Voelkel | Protein transduction from retroviral Gag precursors[END_REF][START_REF] Mougel | NXF1 and CRM1 nuclear export pathways orchestrate nuclear export, translation and packaging of murine leukaemia retrovirus unspliced RNA[END_REF] .

As non-enveloped viruses we relied on Adeno-Associated Virus (AAV, serotypes 8/9) which have gained interest for genetic therapies and vaccination processes over past years.

Stocks of AAV-8 and AAV-9 recombinant particles were generated by calcium phosphate transfection of HEK-293 cells and analysed by AFM as described previously in litterature [START_REF] Salvetti | Factors influencing recombinant adeno-associated virus production[END_REF][START_REF] Carrasco-Salas | The extruded non-template strand determines the architecture of R-loops[END_REF] . Hepatite B Virus (HBV) was also used in a non-enveloped form (ie non-infectious form), that was purified from a viral stock of infectious HBV particles (genotype D) concentrated on a 20% sucrose cushion. AAV and HBV were fluorescently labelled using intercalating fluorophore YOYO-1 (Molecular Probes, 1mM in DMSO, λ exc = 491nm /λ em = 509nm ) which targets viral DNA.

Besides, we handled Extracellular Vesicles (EVs) which are constituted of lipids and proteins and sometimes contain cellular genetic material. Such composition often lead them to be mistaken for viruses. EVs have been shown to play key roles in various cellular processes as regulation, intercellular signalling, but also in infectious diseases where they facilitate spreading, and escape from immune surveillance [START_REF] Paolini | Biophysical properties of extracellular vesicles in diagnostics[END_REF][START_REF] Giannessi | The role of extracellular vesicles as allies of HIV, HCV and SARS viruses[END_REF][START_REF] Leclaire | A review of the biomechanical properties of single extracellular vesicles[END_REF] . So far, few methods are able to distinguish viruses from EVs [START_REF] Hoen | Extracellular vesicles and viruses: Are they close relatives[END_REF] . EVs used in this study were obtained from HIV or MLV producing cells and from uninfected cells. By using lipid bilayer markers DiO or DiL (Molecular Probes) we were able to fluorescently label EVs and to distinguish them from non enveloped viruses. All particles were depicted in Fig. 1A, and more precision can be found in Supporting Information.

Both particles, with existing fluorescent label and without initial fluorescent label, can be used. As for particles without initial fluorescent label, we used a one-step labelling procedure, which simply involved incubating the sample with a small volume of fluorophores (< 1µL) for a few minutes (10 to 15 min of incubation). By using several types of fluorophores, we were able to label a wide range of viruses as well as extracellular vesicles. Those fluorophores were passive markers, without interaction with the nanopores and therefore they did not alter the translocation of the viral particles (more information can be found in Supporting Information, S2). As mentionned, the particles were fluorescently labelled and then injected in the cis chamber of our setup. As shown in Fig. 1B, hydrodynamical driving induced by a pressure difference imposed by a microcontroller (MFCS, Fluigent) between the two sides of a nanoporous membrane (coated with a 50 nm thick gold layer on the trans side) was used to force translocation of particles from cis to trans side. The membranes used were track-etched membranes (Whatman, GE Polycarbonate) produced through heavy ion irradiation and they are commercially available dense arrays of cylindrical nanopores of controlled diameter and high density (1 × 10 8 pores/cm 2 ). After crossing the membrane, successful translocation events were detected by a Zero-Mode Waveguide (ZMW) setup. Briefly, the nanoporous array was illuminated by a laser beam (λ exc = 473nm) on the trans side and the gold layer inhibited the propagation of light through the membrane. It also induced an enhancement of the electromagnetical field in the nanopore on a depth equivalent to the radius of the pore whereas the electrical field was null at the surface of the membrane [START_REF] Levene | Zero-mode waveguides for single-molecule analysis at high concentrations[END_REF]40 . This effect enabled to optically separate the fluorescence signal of translocating particles from particles in the bulk (see Supporting Information and Ref [START_REF] Auger | Zero-mode waveguide detection of flow-driven DNA translocation through nanopores[END_REF] ). The main advantage of this method is its ability to detect events with a large parallelization (in our case 10 5 pores in parallel).

All types of particles used in this study were successfully detected at the exit of nanopores with a signal to noise ratio superior to 2. An example of average fluorescence intensity pattern for AAV particle can be found in Fig. 1C, as well as snapshots of particle exit. The fluorescence intensity was fitted by an exponential decay function and event durations were found to be 26±4 ms for AAV, which allowed us to confirm that we were in a ZMW regime.

Complementary experiences highlighting the benefits and relevance of the ZMW, as well as a simplistic ZMW translocation model, are available in Supporting Information (S2).

Thereafter, in order to be able to determine virus concentration with our ZMW setup, we first made a calibration of nanoporous membranes using fluorescent carboxyl polystyrene nanobeads (NPs, Spherotech Inc) from two batches (with sizes determined by DLS mea-surement) and of known concentrations. Nanobeads were smaller than pore size and acted as flow markers. Indeed, we assumed that the system was dominated by advection (Peclet number, P e > 1, see Supporting Information) and that the flow in our system verified the Hagen-Poiseuille law [START_REF] Kavokine | Fluids at the Nanoscale: From Continuum to Subcontinuum Transport[END_REF] . This was supported by the fact that we observed a linear increase of translocation frequency of nanobeads with pressure (see Supporting Information).

To perform calibration, we analysed the variation of nanobeads translocation frequency per pore, f , as a function of the concentration, C. The data for both types of nanobeads through pores of 400 nm and at applied pressure of 0.5 mbar were plotted on Fig. 2. The mean of the experimental slope for both types of NPs, α N P (9.7 × 10 -12 ± 0.7 × 10 -12 mL.particles -1 .s -1 ) was calculated and gave a direct relation between translocation frequency and concentration. We then compared α N P with a coefficient obtained theoretically to validate our calibration (see Supporting Information, S4).

Based on this calibration, we were then able to determine the viral particles concentration in biological samples. To do so, we measured the translocation frequency for series of dilutions originating from the same sample. The particle translocation frequency (f ) normalized by the particle translocation frequency for the initial sample (f 0 ) was represented as a function of the dilution ratio (r) on Fig. 3. f 0 was obtained by linear extrapolation from particle translocation frequency (f ) when r = 1. Each point corresponded to an experiment carried out with a single diluted sample and for each viral type. For each particle type, there were at least four different initial samples of unknown concentration. The linearity of the curve threw light on the fact that each particle going through a nanopore was effectively detected and no jamming effect occurred in the pore.

Initial concentration can then be obtained using calibration coefficient α N P and the translocation frequency for the initial sample (f 0 ) relying on the following formula: used in this study. Translocation frequency (f ) normalized by initial translocation frequency (f 0 ) as a function of dilution factor (r). For each particle type, different diluted solutions were made from the same initial sample. Pore diameter 400 nm, Applied pressure 0,5 mbar. Experimental errors were the standard error of the mean, and N replica > 24 for each experimental series.

C ZM W = f 0 α N P , (1) 
We compared initial concentrations obtained for each biological sample to expected concentrations, that had been obtained by qPCR (for AAV and HBV samples) and NTA (for HIV, MLV and EVs samples). Results were presented in Fig. 4. We observed a good agreement between measured values using ZMW setup and expected values over six decades of concentrations. The slope of linear fit was equal to 0.96, which stood for 4% of error on our measurement. These results threw light on the versatility of our system, since we obtained a good precision for the concentration of all types of particles that were tested . It has to be recalled that each analysis was performed for 60 seconds, providing a total analysis duration of less than 15 minutes. Indeed, the total experimental duration included the incubation time required for the fluorescent labelling of the particles. However, incubation time can be performed at the beginning of an experiment set (for several samples) which allowed to save time.

Finally, given the large range of examined concentrations, we were then interested in determining the limit of detection of our system. To do so, we first determined the LOD theoretically by suggesting that it was reached when a single event was detected in our sytem, at given experimental conditions. As mentioned earlier, we assumed that the Hagen-Poiseuille law was valid. In this case, the flow through a single pore J, at applied pressure ∆P , can be expressed as follows: J = ∆P R h with R h = 8ηL πR 4 , R and L, respectively the radius and the length of the pore, η, the water viscosity.

Therefore, the total number of particles, N tot , at a given concentration C, going through the area of the observed surface S, during an acquisition time t, came as:

N tot = ∆P.N A .t.σ.S R h .C,
with σ the pore density and N A the Avogadro number. This led to the following formula for the limit of detection (LOD), which was defined as

0.5 1 1.5 2 2.5 3 
C expected (particles/mL)

x 10 12 0.5 the concentration when the number of observed particles was equal to 1:

LOD = R h ∆P.N A .t.σ.S (2) 
The LOD was then tested experimentally as shown on Fig. 5 on low concentration samples. We plotted the expected concentrations of different viral samples (HIV and AAV), C, as a function of the acquisition time, t. In order to prepare virus solutions at a given low concentration, a range of dilution was performed on a previously measured sample. The black dashed line corresponded to the theoretical LOD. Above this value, the violet circles represented the concentrations that could have been determined using our setup while the blue diamonds were the concentrations that couldn't be measured (no event detected). Almost all of the determined concentrations were above the theoretical LOD. Therefore, it represented a good estimation of the limit of our system. We concluded that the LOD of our system was about 10 5 particles/mL for an acquisition time of 60 seconds. Nevertheless, it was also possible to increase the acquisition time over 60 seconds to reach a lower LOD (for example about 1 hour to reach a LOD of 10 3 particles/mL).

Last but not least, since there is an ongoing need for direct counting of biotic nanoparticles such as viruses to probe the state of river water, we performed experiments on water coming from a river. Water was collected in the Rhône at Lyon (France, 4543 ′ 34.497 ′′ North, 449 ′ 14.402 ′′ East) on September 1st, 2021. We first filtered the sample through 0.45 µm pores. We then divided our sample into two parts and fluorescently labeled one of them with YOYO-1 and the other one with DiO. The concentrations obtained using the ZMW setup, were respectively 2.10 7 particles/mL for the YOYO-1 labelled sample and 4.10 7 particles/mL for the DiO labelled sample (more information can be found in Supporting Information, S3).

Labelling with YOYO-1 allowed us to detect and quantify viruses without envelope such as phytoplankton double-stranded DNA viruses (Myovirus, Podovirus, Siphovirus) [START_REF] Roose-Amsaleg | Utilization of interferometric light microscopy for the rapid analysis of virus abundance in a river[END_REF] or even The violet circle represented the concentrations that could have been determined using our setup while the blue diamonds showed the concentrations that couldn't have been measured (no event of translocation detected). Each point corresponded to a diluted sample originating from a viral particle sample whose concentration was determined previously.

Adenovirus and Norovirus that can be found in river water [START_REF] Sedji | Quantification of human adenovirus and norovirus in river water in the north-east of France[END_REF] . Whereas, labelling with DiO allowed us to detect and quantify both viruses with envelope (such as Herpesvirus, HIV, and Coronavirus including SARS-Cov2) [START_REF] Ye | Partitioning, and Recovery of Enveloped Viruses in Untreated Municipal Wastewater[END_REF][START_REF] Bibby | Identification of viral pathogen diversity in sewage sludge by metagenome analysis[END_REF][START_REF] Guerrero-Latorre | SARS-CoV-2 in river water: Implications in low sanitation countries[END_REF] and extracellular vesicles [START_REF] Roose-Amsaleg | Utilization of interferometric light microscopy for the rapid analysis of virus abundance in a river[END_REF] . The concentrations that was found with our method agreed with the values given in literature for other rivers such as the Marne (in Paris France) [START_REF] Roose-Amsaleg | Utilization of interferometric light microscopy for the rapid analysis of virus abundance in a river[END_REF] .

Conclusion

All together these results showed that a combination of nearfield optics technique and fluorescence provided a powerful tool to detect the translocation of individual virus through solid-state nanopores and to quantify their concentration.

Compared to other available methods, the main advantages of our strategy are that we achieved a low LOD and required a small volume of sample while keeping a short experimental duration and a specificity level that can be tuned by the final user. A comparison of the specifications and limits for different quantification methods can be found in the Supporting Information (S4).

More precisely, our technique allowed to work in real time, at the scale of the single particle and to consider the virus as a whole compared to other methods which quantify DNA or specific proteins. The system offered a good precision (4% of error on the concentration) and a low LOD which was adjustable according to the experimental parameters. Moreover, it was possible to quantify the viral particles directly from a complex biological samples (cell medium) comparable to clinical samples but also from real world samples (for example river water), while requiring small volumes. For viral samples whose concentrations were closed to the LOD (10 5 particles/mL), the required volume drop down to 20 µL. It must be added that for highly concentrated samples, a dilution step was required to ensure that the linear regime is observed. This can be easily achieved by making a range of dilutions from the same initial sample and by checking that the translocation frequency evolved linearly with the concentration. Working in a diluted regime was valuable to avoid interactions between viruses. We have added a complementary experiment in Supporting Information (S3), to provide additional information about the necessity of working in a diluted mode.

Besides, a major benefit of our system was its versatility since the fluorescent labelling can be adapted to a large range of virus type. By choosing specific fluorophores of different emission lengths it was also possible to detect a mixture of viruses in the same sample by matching the fluorescent tags to the sought viruses. Therefore, two viruses labeled with a different fluorophore could be distinguished. Besides, the use of specific fluorescent labels, prevented us to have signals coming from non-target particles.

This system also had the advantage of using low cost solid-state nanopores, since the nanoporous membranes used were track-etched polycarbonate membranes used for water filtration that allowed to detect events with a large parallelization (10 5 pores in parallel).

Last but not least, a miniaturization of our system can definitely be considered in the near future. The scope of applications of such a system could be numerous in basic research but also in clinic, for titration purposes.
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 1 Figure 1: A. Characteristics of particles and experimental protocol used in this study. From top to bottom: VLP HIV, Virus Like Particle of Human Immunodeficience Virus; MLV, Murine Leukemia Virus; HBV, Hepatite B Virus; AAV, Adeno Associated Virus (serotype 8 and 9); EVs, Extracellular Vesicles. Fluorescent labelling of particles was required: it can be achieved by genome modification (GFP labelling for HIV and MLV) or directly by adding fluorophores in the sample (YOYO-1 for AAV and HBV, DiO for EVs). Potential cellular DNA is represented in red in VLP HIV and EVs, viral RNA in pink in MLV, and viral DNA in purple in HBV and AAV. Samples were then diluted. Sizes were determined by NTA for HIV, MLV and EVs and by Cryo-EM reconstruction for AAV 37 and HBV 38 . B. Zero Mode Waveguide setup for particles translocation through nanopores.The cis chamber contained the fluorescently labelled particles. Upon pressure application, the particles were pushed through the pore in the trans chamber and illuminated as soon as they cross the evanescent field region at the end of the pore. Once they have left the pore, they were unfocused and bleached.C. Evolution of fluorescence of event as a function of time and snapshots of particle exit. Normalized intensity was represented as a function of time for AAV (violet and red points, averaged on N=50 events). Normalized intensity was obtained by divided intensity by the maximum intensity. Time was rescaled to zero at the beginning of an event and red points corresponded to intensity before the event. Exponential decay was represented in blue. Pore diameter 400 nm, Applied pressure 0.5 mbar. Frame rate: 112 fps. Inset: image size=10 µm.

Figure 2 :Figure 3 :

 23 Figure 2: Calibration of the experimental setup using fluorescent polystyrene nanobeads (NPs). Translocation frequency (f ), as a function of NPs concentration (C), for two batches of NPs. Continuous blue and violet curves corresponded to linear fit. Pore diameter 400 nm, Applied pressure 0,5. Experimental errors were the standard error of the mean, and N replica > 36 for each experimental series.

Figure 4 :

 4 Figure 4: Comparison between concentrations obtained with our experimental setup (C ZM W ) and expected concentrations (C expected ) obtained with other methods (qPCR and NTA). Each point corresponded to a different sample. Results were depicted in log-log scale and also linear scale in the inset. Errorbars took into account standard error for f 0 and the error on the calibration coefficient α N P .

Figure 5 :

 5 Figure5: Expected concentrations (C) as a function of acquisition time (t). The black dashed line corresponded to the theoretical LOD. The violet circle represented the concentrations that could have been determined using our setup while the blue diamonds showed the concentrations that couldn't have been measured (no event of translocation detected). Each point corresponded to a diluted sample originating from a viral particle sample whose concentration was determined previously.
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