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Despite the tremendous interest for nanoparticles (NPs) in the biomedical field, their transfer to the clinics is still hampered, in particular due to the lack of knowledge of their behaviour in a biological environment. Indeed, the protein corona formed as soon as NPs enter the bloodstream can drastically affect their properties. The use of Taylor dispersion analysis-ICP-MS as an efficient technique dedicated to metal-containing NPs was proposed to examine these NP-protein interactions and determine protein corona thicknesses in biological fluids. This method was applied on core-shell gold/silica NPs in the presence of proteins at high concentrations and serum. Protein corona around 4 nm were measured. Moreover, the versatility of the method allowed assessing the reversible/irreversible character of the interactions.

1.

Introduction

Metal-containing nanoparticles (NPs) are increasingly investigated in the biomedical field. This burgeoning technology enables to explore various alternative strategies, in the field of both diagnosis and therapy [START_REF] Huang | Inorganic nanoparticles in clinical trials and translations[END_REF][START_REF] Park | Advanced hybrid nanomaterials for biomedical applications[END_REF]. However, the development of effective therapeutic strategies is based on the understanding of the in vivo behavior of NPs. As they enter the bloodstream, NPs may be rapidly surrounded by a wide variety of biomolecules, in particular proteins, which adsorb on their surface and may completely cover them. This protein corona modifies the physicochemical characteristics of the pristine NPs and constitutes the first contact of the nanomaterial with the cells. It is therefore susceptible not only to modify the absorption pathways of NPs but also to generate an additional level of complexity [START_REF] De Crozals | Nanoparticles with multiple properties for biomedical applications: A strategic guide[END_REF][START_REF] Lesniak | Effects of the Presence or Absence of a Protein Corona on Silica Nanoparticle Uptake and Impact on Cells[END_REF][START_REF] Singh | In vivo protein corona on nanoparticles: does the control of all material parameters orient the biological behaviour?[END_REF]. Milani et al. demonstrated that proteins involved in this corona exhibit very distinct kinetics of dissociation. The so-called "hard corona" is assumed to be irreversible while the "soft corona" shows fast off-rates (in the range of a minute) [START_REF] Milani | Reversible versus Irreversible Binding of Transferrin to Polystyrene Nanoparticles: Soft and Hard Corona[END_REF]. Due to the difficulty to preserve the soft corona, its potential occurrence has been often overlooked. Apart from a few studies reporting that soft corona proteins may contribute to the stealth properties of nanoparticles [START_REF] Kari | In situ analysis of liposome hard and soft protein corona structure and composition in a single label-free workflow[END_REF] or affect the attachment efficiency of NPs to biological membranes [START_REF] Wang | Influence of Solution Chemistry and Soft Protein Coronas on the Interactions of Silver Nanoparticles with Model Biological Membranes[END_REF], the role of this soft corona remains elusive.

Much research has been performed to identify the proteins forming the corona by mass spectrometry [START_REF] Cedervall | Understanding the nanoparticle-protein corona using methods to quantify exchange rates and affinities of proteins for nanoparticles[END_REF][START_REF] Kurtz-Chalot | Impact of silica nanoparticle surface chemistry on protein corona formation and consequential interactions with biological cells[END_REF][START_REF] Fernández-Iglesias | Complementary mass spectrometric techniques for the quantification of the protein corona: a case study on gold nanoparticles and human serum proteins[END_REF]. However, the usual procedures imply the previous separation of the NPs from the biological fluids, leading then to the loss of proteins with fast dissociation kinetics.

The number of proteins involved in the hard corona of gold NPs was determined by laser induced breakdown spectroscopy, using the plasmonic features of gold NPs [START_REF] Dell'aglio | Sensing nanoparticle-protein corona using nanoparticle enhanced Laser Induced Breakdown Spectroscopy signal enhancement[END_REF]. An alternative approach used capillary-ICP-MS hyphenation to separate free NPs from Au-NP-protein conjugates. It demonstrated the replacement of initially adsorbed transferrin on the particle surface by albumin with time [START_REF] Matczuk | Speciation of metal-based nanomaterials in human serum characterized by capillary electrophoresis coupled to ICP-MS: a case study of gold nanoparticles[END_REF].

Moreover, the determination of the number of albumin involved in the conjugate was realized by quantifying Au, referring to the NP, and S referring to the protein [START_REF] Matczuk | Characterization of the protein corona of gold nanoparticles by an advanced treatment of CE-ICP-MS data[END_REF].

Characterization of protein adsorption can also be performed through NP size measurements. When NPs are suspended in biological media, protein adsorption on their surface results in an increased size of the NPs, due to protein adsorption. Therefore, corona thickness can be deduced from NP sizes measured in media either free or containing proteins. However, measuring a protein corona of a few nanometers is intricate. Only few techniques do not require sample treatment before analysis, so as not to disturb the equilibrium of the protein corona and its properties. The most popular technique for NPs size measurements is dynamic light scattering (DLS). However, the scattering intensity of NPs in DLS is often much smaller as compared to that of serum [START_REF] Fischer | Pitfalls and novel applications of particle sizing by dynamic light scattering[END_REF]. For that reason, DLS measurements are often conducted in diluted media. Due to the low contrast generated by proteins, transmission electron microscopy (TEM) requires the addition of a contrast agent (generally uranyl acetate), which precludes its use in situ [START_REF] Moya | Insights into Preformed Human Serum Albumin Corona on Iron Oxide Nanoparticles: Structure, Effect of Particle Size, Impact on MRI Efficiency, and Metabolization[END_REF]. Therefore, alternatives methods were developed. In a recent work, Galdino et al. studied the process of protein corona formation on silica NPs by core-loss energy-filtered TEM and cryo-TEM. They successfully measured corona thicknesses of 4 -9 nm. Small-angle X-ray scattering (SAXS) was also used to determine binding parameters in the presence of both BSA and serum [START_REF] Galdino | Inside the Protein Corona: From Binding Parameters to Unstained Hard and Soft Coronas Visualization[END_REF]. Although very sensitive, SAXS revealed insufficiently accurate measurements of the protein corona thickness. Nevertheless, it seems to be the only technique reported to distinguish between protein corona and aggregation. In the case of fluorescent NPs, fluorescence correlation spectroscopy (FCS) was used for determination of the protein corona thickness in media containing proteins with concentrations close to the ones encountered in serum. Corona thicknesses of a few nanometers were successfully measured on a wide variety of NPs [START_REF] Wang | The protein corona on nanoparticles as viewed from a nanoparticle-sizing perspective[END_REF][START_REF] Treuel | Impact of protein modification on the protein corona on nanoparticles and nanoparticle-cell interactions[END_REF][START_REF] Maffre | Characterization of protein adsorption onto FePt nanoparticles using dual-focus fluorescence correlation spectroscopy[END_REF].

We recently showed that Taylor dispersion analysis hyphenation to inductively coupled plasma mass spectrometry (TDA-ICP-MS) is particularly adapted for metal-containing NP size measurements [START_REF] Labied | Taylor dispersion analysis coupled to ICP-MS for ultrasmall nano-particle size measurement: from drug product to biological media studies[END_REF][START_REF] Labied | Biodegradation of metal-based ultra-small nanoparticles: a combined approach using TDA-ICP-MS and CE-ICP-MS[END_REF]. Furthermore, thanks to the selectivity of the technique to metals, TDA-ICP-MS allows size measurements to be performed in complex matrices, rich in proteins, whereas these measurements are often not possible by DLS. Herein, we devised a methodology based on the monitoring of the metal signal, which enables not only to measure the protein corona thickness onto NPs, but also to gain information about the reversibility of this adsorption. As a proof-of-principle, the method was applied using 60 nm core-shell gold/silica nanoparticles (Au@SiOx NPs) suspended in protein-rich model solutions and serum.

2.

Materials and methods

Chemicals and solutions

Triton X-100, n-hexanol, cyclohexane, HAuCl4 

Synthesis of the Au@SiOx NPs

Au@SiOx NPs were prepared according to a method developed by Martini et al. [START_REF] Martini | How gold particles suppress concentration quenching of fluorophores encapsulated in silica beads[END_REF]. Quaternary W/O microemulsion was prepared by mixing 11.5 mL of Triton X-100 (surfactant), 11.5 mL of n-hexanol (co-surfactant), 48 mL of cyclohexane (oil). The water phase consists of mixture of 3 mL of 16.7 mmol.L -1

HAuCl4⋅3H2O, 3 ml of 32.8 mmol.L -1 MES and 1 mL of 412 mmol.L -1 NaBH4 in order to synthesize the gold nanoparticle. After 5 min, 0.050 mL of APTES was added to the microemulsion solution, followed by 0.2 mL of TEOS. After 30 min, the silica polymerization reaction was completed by adding 0.2 mL of NH4OH and then stirring for 24 h. In order to achieve the colloidal stability, a carboxylated protective shell was created by adding 0.02 mL of Si-20. The microemulsion was broken by the addition of ethanol to the microemulsion and followed by vortexing and centrifuging several times. Unreacted precursors were removed by ultrafiltration using 100 kDa polyethersulfone membranes. Particles were dispersed in aqueous solution (2 mg.mL -1 ) and stored at 4°C. Characterization of NPs is provided as Supplementary material (section 1).

Taylor dispersion analysis -ICP/MS analysis

A 7100 capillary electrophoresis system (Agilent) was used for TDA analyses.

Detection of gold was enabled by hyphenation with a Nexion 300X ICP-MS (Perkin Elmer). For that purpose, a T-connector was used as sheath-flow interface. The TDA capillary went through a Tconnector toward the tip of the nebulizer and the sheath liquid (HNO3 1 mmol.L -1 ) was introduced by self-aspiration to the third inlet of the interface. This interface was previously shown not to introduce any external dispersion that could enlarge peaks [START_REF] Labied | Taylor dispersion analysis coupled to ICP-MS for ultrasmall nano-particle size measurement: from drug product to biological media studies[END_REF].

Au signal was monitored at m/z 197, with a dwell time of 500 ms. Operating conditions used for the ICP-MS were: nebulizer gas flow rate, 1.09 L/min; plasma gas flow rate, 18 L/min; auxiliary gas flow rate, 1.2 L/min; radiofrequency power, 1600 W for the plasma. All other parameters were tuned to maximize the Au signal.

3D-CE Chemstation software version B.04.03 (Agilent) was used to control the CE system and Syngistix software version 2.3 was used to both control the ICP-MS and acquire the 197 Au signal.

Using sodium phosphate mobilization solutions, capillaries were conditioned 10 min at 1 bar. For protein mobilization media, capillaries were conditioned 5 min at 1 bar with the protein solution, then 10 min at 50 mbar.

One g.L -1 Au@SiOx NP suspensions were prepared by addition of an equivalent volume of the incubation medium (sodium phosphate buffer 10 mM, protein solutions, and serum). The Au@SiOx NP suspensions were kept at room temperature without stirring and aliquots were collected at different times for size measurements.

NPs were injected hydrodynamically under 40 mbar for 3 s in a capillary filled with the desired medium and a mobilization pressure of 50 mbar was applied.

Measurements of hydrodynamic radii in the incubation medium were performed in capillaries filled with the same medium. Assessment of the reversible character of the protein interactions were performed in capillaries filled with 10 mM phosphate buffer, pH 7.4.

Calculation of the nanoparticle hydrodynamic radius

The detected peak can be fitted by a sum of Gaussian distributions, according to the following equation:
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where i is the number of species, t is the experimental time, t0, the residence time, σi the mean temporal variance of the Gaussian distribution associated to the species i and Ai, a constant depending on the concentration of the species i.

Under experimental conditions described by Chamieh et al. [START_REF] Chamieh | Limits in Size of Taylor Dispersion Analysis: Representation of the Different Hydrodynamic Regimes and Application to the Size-Characterization of Cubosomes[END_REF], the molecular diffusion coefficient D can be obtained using the Stokes-Einstein equation:
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where Rc is the capillary radius, kB is the Boltzmann constant, T is the temperature, η is the viscosity, and Rh is the hydrodynamic radius of the solute.

The diffusion coefficient, and therefore the hydrodynamic radius of a solute, are then based on the Gaussian fits of the peaks obtained in TDA-ICP-MS realized using the Origin software (version 8.5).

As a tailing deformation induced by retention may occur at the end of the peak, only the first half of the peak can be assimilated to a sum of Gaussians. In theory, a peak half contains all the necessary and sufficient information. However, the noise at the top of the peak can bias the determination of the residence time. Therefore, the time interval over which the adjustment must be made was carefully determined in order to limit both noise and retention effects. Preliminary experiments have shown that 15 to 30% of the second half of the peak must be taken into account.

DLS measurements

Colloidal solutions of Au@SiOx NPs at 2 mg.mL -1 in pure water were used. Measurements were performed using a Zetasizer Nano-S (633 nm He-Ne laser) from Malvern Instruments (USA).

Measurements were averaged over 10 individual measurements, performed at 25°C. The validity of the data was determined by examination of both the autocorrelation curves and the quality report.

Results and discussion

Hydrodynamic size of the nanoparticle

Hydrodynamic size measurement of the Au@SiOx NPs suspended in aqueous solution was performed using both TDA-ICP-MS and DLS (Figure 1). The hydrodynamic radius obtained with TDA-ICP-MS in 10 mmol.L -1 sodium phosphate buffer was found to be (30 ± 1) nm, over 12 repetitions (Fig. 1a). This result is in close agreement with the value obtained by DLS: (30 ± 2) nm (Fig. 1b). The goodness of the fit strongly supports the assumption of the main monodisperse character of the NP, as confirmed by TEM and DLS (see Supplementary material, section 1).

Measuring the protein corona thickness

TDA-ICP-MS was already demonstrated to successfully measure hydrodynamic radii of NPs in various complex media [START_REF] Labied | Biodegradation of metal-based ultra-small nanoparticles: a combined approach using TDA-ICP-MS and CE-ICP-MS[END_REF]. The selectivity of the ICP-MS detection, in our case 197 Au, allows the only detection of Au compounds and eliminates interference caused by other compounds such as free proteins present in the solution. Thanks to this features, this coupling allows to consider the measurement of the size of NPs in media with high protein contents. For that purpose, two model proteins have been chosen: BSA, which is one of the most studied protein and FET. Moreover, both proteins are important components of many cell culture media (i.e. media containing fetal calf serum). The isoelectric point of FET (pI=5.4) is higher than the one of BSA (pI = 4.7). Both proteins have close molecular weight.

However, in serum, FET concentration (0.4 -0.9 mg.mL -1 ) is rather low compared to that of albumin (35 -55 mg.mL -1 ), although it is one of the 15 most abundant proteins in serum.

The influence of the concentration of both BSA and FET was investigated. For that purpose, colloidal solutions of Au@SiOx NPs were incubated at room temperature for at least 24 h with increasing concentrations of both FET and BSA (0 to 30 and 50 mg.mL -1 , respectively) in sodium phosphate 10 mmol.L -1 , pH 7.4. Prior to incubation, the protein solutions were checked by TDA, using UV detection, in order to ensure the non-aggregation of proteins (see Supplementary material, section 2)

Aliquots were frequently collected (25 µL) for at least 6 h and analysed in a capillary, filled with the same medium than the incubation medium, to ensure the equilibrium between the NPs and the proteins.

Results are presented in Figures 2 and3 for BSA and FET, respectively. For each condition, Taylorgrams exhibit a peak, which can be fitted using a single Gaussian. Moreover, the peak areas were found to be constant over the timescale of the experiments, for all the protein concentrations, indicating that the colloidal stability of the NPs is maintained in such media.

The observed variations in average peak residence times as a function of protein concentration are due to the different viscosities of the studied media. As for DLS, the diffusion coefficient, and hence the hydrodynamic radius calculation, depends on viscosity. For that purpose, viscosities were measured in the different media (see Supplementary material, section 3) and used to determine hydrodynamic radii.

Whatever the protein concentration, a rapid increase of the hydrodynamic radius (in less than 20 min) was observed for both proteins. This increase was attributed to the formation of a protein corona around the particle. Values are presented in Table 1. The significance of differences between the data were determined based on P values < 0.001 by using t-tests (as described in Supplementary Material, section 4) Consequently, protein corona thicknesses can be obtained from the difference DRH, between the hydrodynamic radius obtained in a protein medium (either BSA or FET) and the one obtained in phosphate buffer, recapitulated in Table 1. For both proteins, an increase in hydrodynamic radius was observed.

The isoelectric point of the Au@SiOx NPs surface, obtained by measuring the zeta potential z as a function of pH (see Supplementary material, section 1), was about 4.3, confirming the main presence of carboxylate functions on surface. This value is higher than that conventionally obtained for silica NPs (pI = 3.5) [START_REF] Pacard | Elaboration of silica colloid/polymer hybrid support for oligonucleotide synthesis[END_REF]. This difference may be due to the additional presence of both carboxylated groups and ammonium ions originating from APTES on the NP surface [START_REF] Rouet | Colloidal chemistry with patchy silica nanoparticles[END_REF].

Owing to the pI of both proteins, the question of a heterogeneous spatial distribution of charges should be evoked to explain the protein adsorption onto the NPs, as both proteins and AuSiOx NPs are negatively charged at pH 7.4.

In the case of BSA, the values obtained for the corona thickness (DRH ~ 3 -7 nm) seem to be in agreement with the values reported in the literature. The formation of a BSA corona on silica NPs was studied by other groups and seems to be size-dependent. A corona thickness of 7 nm and 4 nm was reported by Galdino et al. for 40 nm and 80 nm -silica NPs respectively [START_REF] Galdino | Inside the Protein Corona: From Binding Parameters to Unstained Hard and Soft Coronas Visualization[END_REF]. Monopoli et al. observed a corona thickness of 4 nm for 200 nm silica NPs [START_REF] Monopoli | Physical-Chemical Aspects of Protein Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles[END_REF]. Smaller particles are thought to be more prone to aggregate in the presence of BSA. Orts-Gil et al. observed an hydrodynamic radius of ca. 100 nm for 15 nm-silica NPs in BSA solutions, resulting from the formation of NPs-BSA clusters [START_REF] Orts-Gil | On the role of surface composition and curvature on biointerface formation and colloidal stability of nanoparticles in a protein-rich model system[END_REF] and a small aggregation was also reported by Monopoli et al. for 50 nm -silica NPs [START_REF] Monopoli | Physical-Chemical Aspects of Protein Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles[END_REF].

A corona thickness of about 3-4 nm for the corona in the presence serum albumin was also observed for other NPs, such as 5 nm-FePt NPs [START_REF] Maffre | Characterization of protein adsorption onto FePt nanoparticles using dual-focus fluorescence correlation spectroscopy[END_REF], 5 nm-quantum dots [START_REF] Treuel | Impact of protein modification on the protein corona on nanoparticles and nanoparticle-cell interactions[END_REF] and even larger nanoparticles, i.e.

polystyrene nanoparticles between 20 and 100 nm [START_REF] Wang | Formation of a Monolayer Protein Corona around Polystyrene Nanoparticles and Implications for Nanoparticle Agglomeration[END_REF].

Given the hydrodynamic radius of BSA (4.3 ± 0.3 nm, see Supplementary material, section 2), this 4 nm-corona may reflect the formation of a BSA monolayer, also indicating the absence of multilayer adsorption. . However, the accuracy of TDA-ICP-MS does not allow us a more thorough interpretation of the recorded DRH until now.

On the contrary, FET adsorption seems to be concentration-dependent. For a FET concentration close to the one of serum (0.8 mg.mL -1 ), no significant adsorption was observed. Increasing concentration in the 5 -15 mg.mL -1 range yielded a corona thickness of ~3 -5 nm, supporting the assumption of a monolayer adsorption. Indeed, the hydrodynamic radius of FET, measured by TDA -UV (see Supplementary material, section 2) was found to be (4.6 ± 0.4) nm.

For the highest concentration, similar to the one of BSA in serum, an unexpected increase in RH was observed. As can been seen in Figure 3b, a gradual increase of the hydrodynamic radius seems to occur upon time, until a plateau is reached for values approximately twice those of the Au@SiOx NP radius after 80 min incubation.

In the literature, this behaviour was also encountered for 40 nm-silica particles in fetal calf serum, for which a progressive increase in hydrodynamic radius until a value of 37-46 nm was observed by DLS.

Based on microscopy data, this was attributed by Galdino et al. to the formation of small aggregates [START_REF] Galdino | Inside the Protein Corona: From Binding Parameters to Unstained Hard and Soft Coronas Visualization[END_REF]. As TDA experiments showed that FET aggregation did not occur in phosphate buffer using such a concentration (see Supplementary material, section 2), NPs aggregation mediated by proteins might be considered, even if the formation of protein multilayers cannot be excluded in the absence of additional proofs. However, it is worth noting that we did not observe protein aggregates by TDA-UV, in the 30 and 60 mg.mL -1 FET solutions (see Supplementary material, section 2).

The method was then applied to the measurement of Au@SiOx NPs protein corona formed in human serum. Results are presented in Figure 4. In the presence of serum, the hydrodynamic radius of the Au@SiOx NPs also increases. Although the standard deviation is more important, as for BSA 50 mg.mL -1 and FET 30 mg.mL -1 , the values obtained for the longest incubation times ((35 ± 2) nm, (36 ± 3) nm, and (39 ± 4) nm, for 120, 150, and 255 min incubation respectively) are significantly higher than the hydrodynamic radius of the NPs in the absence of proteins. As a consequence, the existence of a protein corona of ca. 5 nm-thickness can be postulated.

Assessing the high binding affinity protein corona

It is now commonly accepted that the protein corona consists in proteins with high binding affinities and therefore low exchange rate, known as «hard corona», but also in a highly dynamic «soft corona», consisting of further adsorbed proteins with low binding affinities and high exchange rates. In order to evaluate the affinity of the proteins forming the corona, Au@SiOx NPs were incubated in different media (phosphate buffer, protein solutions, diluted serum) for 2 h and were then analysed in a capillary filled with either the incubation medium or the phosphate buffer pH 7.4. Additionally, experiments were also performed in the phosphate buffer after incubation of Au@SiOx NPs in a BSA solution 50 mg.mL -1 for 4 h. Results are presented in Figure 5. The comparison of the observed radii indicates whether proteins were adsorbed as either a "hard + soft corona" (blue bars in Figure 5) or a hard corona (grey bars in Figure 5).

As can be seen in Figure 5, analyses performed in the phosphate buffer do not allow observing a hard corona composed of BSA on Au@SiOx NPs after 2 h incubation. Indeed, the radius obtained after analysis in the phosphate buffer of the sample incubated in a BSA-containing medium ((30.0 ± 0.9) nm) is very close to the one observed for the Au@SiOx NPs suspended in a protein-free incubation medium (phosphate buffer). However, this reversibility seems to depend on the incubation time (see Supplementary material, section 5). Increasing the incubation time up to 4 h leads to the recovery of the protein corona thickness observed in the BSA medium (4-5 nm), which may reflect the irreversible character of the protein corona. It can then be assumed that the corona formed by BSA on Au@SiOx NPs after a 2 h -incubation is reversible and dissociates when the medium is switched to phosphate buffer, pH 7.4, whereas the corona formed after a longer incubation time remains present at the NP surface when switching to a free protein medium. Mc Ritchie [START_REF] Ritchie | The adsorption of proteins at the solid/liquid interface[END_REF] reported a desorption at pHs far from the BSA pI. Similarly, although Rezwan et al. [START_REF] Rezwan | Lysozyme and bovine serum albumin adsorption on uncoated silica and AlOOH-coated silica particles: the influence of positively and negatively charged oxide surface coatings[END_REF] detected the formation of a corona on 97 nmsilica NPs in suspension in a BSA solution, and no BSA was found to be adsorbed after elimination of free proteins by centrifugation. A reversible corona was also observed by dilution experiments of carboxyl-coated quantum dots in the presence of human serum albumin [START_REF] Wang | The Nature of a Hard Protein Corona Forming on Quantum Dots Exposed to Human Blood Serum[END_REF].On the contrary, Galdino In our case, we assume that the protein layer is nearly totally released upon dilution in phosphate buffer after 2 h incubation and that the corona formed by BSA on Au@SiOx NPs is reversible and dissociates when the medium is switched to phosphate buffer, pH 7.4. However, increasing the incubation time leads to an increase of the hydrodynamic radius, which may reflect the irreversible character of the protein corona. A possible explanation could be that irreversible adsorption of BSA requires structural changes in the adsorbed BSA, which takes more time to occur, as suggested in several papers [START_REF] Norde | Adsorption, desorption and re-adsorption of proteins on solid surfaces[END_REF][START_REF] Giacomelli | The Adsorption-Desorption Cycle. Reversibility of the BSA-Silica System[END_REF][START_REF] Kondo | Structural Changes in Protein Molecules Adsorbed on Ultrafine Silica Particles[END_REF].

By dilution in a phosphate medium, a remaining monolayer of FET was found to be irreversibly adsorbed. For both 15 mg.mL -1 and 30 mg.mL -1 FET solutions, the corona thickness was found to be around 5 nm, which makes unlikely the hypothesis of an irreversible aggregation of the particles.

Indeed, the experiment previously carried out with a capillary filled with 30 mg.mL -1 FET showed an increment in the apparent radius of the NPs around 32 nm, after 80 min incubation in the FET solution.

As previously stated, this size, observed by TDA-ICP-MS performed in the 30 mg.mL -1 FET incubation medium, corresponds either to the reversible interactions of protein aggregates induced by the NPs or to the reversible formation of small NP clusters. By the dilution of NPs in phosphate buffer, the increment in radius was then reduced to a 5 nm thickness. Upon dilution in phosphate, a hard corona of 5 nm thickness was still tethered around the NPs. To conclude from these experiments, we proved that FET has a higher binding affinity than BSA for the Au@SiOx NP surface. FET was also noticed to exhibit a higher affinity than BSA for gold NPs [START_REF] Moustaoui | A protein corona study by scattering correlation spectroscopy: a comparative study between spherical and urchin-shaped gold nanoparticles[END_REF].

The Au@SiOx NPs were then incubated in 50% serum for two hours before TDA-ICP-MS analysis. As evidenced by the absence of RH variations in diluted serum experiments using both conditions (50% serum and phosphate buffer), an irreversible adsorption seemed to occur. This behaviour cannot be explained by BSA adsorption and therefore, this very abundant protein does not seem to dictate the fate of Au@SiOx NPs in serum. However, the presence of FET in serum cannot explain such a corona.

Indeed, as shown in Table 1, neither a hard nor a soft corona was observed for FET concentrations representative of concentrations found in serum (0.8 mg.mL -1 ).

Conclusion

In this work, TDA-ICP-MS sizing experiments was shown to provide insight into corona formation of metal-containing NPs from only 25 µL sample volumes. NPs size measurements were achieved in media containing high concentrations of proteins, similar to serum. Variations of hydrodynamic radii of about 15 % can significantly be recorded. The values of protein corona thickness reflect the adsorption of a protein monolayer for both proteins on the Au@SiOx NPs surface. This method was shown to successfully overcome the limitations of DLS in such concentrated media. However, like DLS, TDA-ICP-MS is not able to distinguish an increase in size due to the formation of a large corona from the one due to aggregation without additional experiments.

By a simple experimental design, the reversible/irreversible character of the protein adsorption can be assessed. Experiments performed in non-equilibrium conditions show that BSA dissociates rapidly after a 2h-incubation , unlike BSA after a longer incubation, FET, and serum constituents for which the monolayer remains unchanged in size. This seems to indicate that BSA cannot be used as a representative model of serum for these Au@SiOx NPs, as its binding affinity was revealed to be lower than that of some of the serum constituents.

Hence, TDA-ICP-MS can be a valuable tool to measure corona thickness of metallic NPs dispersed in solutions with high concentrations of proteins and can be applied not only to Au@SiOx NPs but also to other metal-containing particles or elemental-tagged nanoparticles. However, this method is at present limited to NPs under 70 nm (RH = 35 nm), due to the signal-to-noise ratio of the method, which limits accuracy when size increases. This size limitation allows anyway its use for the vast majority of metal-containing particles designed for nanomedicine's purposes.

Fig. 1 :

 1 Fig. 1: Comparison of size measurements for Au@SiOx NPs at 2 mg.mL -1 in water a) Representative Taylorgram

Fig. 2 : 1 Fig. 3 :

 213 Fig. 2: Influence of BSA concentration on the hydrodynamic radii of Au@SiOx NPs a) Taylorgrams of Au@SiOx NPs incubated in various BSA solutions. Experimental conditions: Au@SiOx NPs, either 2 mg.mL -1 suspensions in pure water or 1 mg.mL -1 suspensions in BSA solutions; injection 40 mbar 3 s; HPC capillary 75 µm i.d. x 70 cm total

Fig. 4 :

 4 Fig. 4: Hydrodynamic radii of Au@SiOx NPs as a function of time in different media. Experimental conditions:

Fig. 5 :

 5 Fig. 5: Mean hydrodynamic radius of Au@SiOx NPs incubated in various incubation media.Experimental conditions: Au@SiOx NPs, diluted at 1mg.mL -1 in various media; injection 40 mbar 3 s; HPC capillary 75 µm i.d. x 70 cm total length; analysis medium: phosphate buffer after 2h incubation (in light grey), after 4h incubation (in dark grey), and incubation medium (in blue); mobilization pressure 50 mbar

  et al. described both reversible and irreversible adsorption of BSA onto silica NPs upon incubation in a BSA solution at 60 µM (4.16 mg.mL -1 ). A thin layer of protein corona (~ 4nm) was still observed by energy-filtered transmission electron microscopy (EF-TEM) around the silica NPs after several washing steps[START_REF] Galdino | Inside the Protein Corona: From Binding Parameters to Unstained Hard and Soft Coronas Visualization[END_REF]. Norde et al. also reported an irreversible adsorption of BSA on silica upon dilution after a 20h-incubation[START_REF] Norde | Adsorption, desorption and re-adsorption of proteins on solid surfaces[END_REF].

Table 1 .

 1 Mean hydrodynamic radii for Au@SiOx NPs as a function of the incubation medium

		BSA		FET
	[BSA] mg.mL -1	Hydrodynamic radius (nm) [FET] (mg.mL -1 )	Hydrodynamic radius (nm)
	0 (phosphate buffer) 30.0 ± 0.7	0 (phosphate buffer) 30.0 ± 0.7
	5	32.8 ± 0.4	0.8	31 ± 1
	12.5	36.8 ± 0.7	5	33 ± 1
	25	35 ± 2	15	35 ± 1
	50	34.2 ± 0.8	30*	62 ± 7

*Hydrodynamic radius was calculated by averaging values at the plateau (time ³ 80 min)
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