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Nanoparticle-Protein Interaction: Demystifying the Correlation Between Protein Corona and Aggregation Phenomena

Protein corona formation and nanoparticles' aggregation have been heavily discussed over the last years since the lack of fine-mapping of these two combined effects has hindered the targeted delivery evolution and the personalized nanomedicine development. We present a multi-technique approach that combines Dynamic Light and Small-Angle X-ray Scattering techniques with cryo-Transmission Electron Microscopy in a given fashion that efficiently distinguishes protein corona from aggregates formation. This methodology was tested using ~ 25-nm model silica nanoparticles incubated with either model proteins or biologically relevant proteomes (such as fetal bovine serum and human plasma) in buffers of low and high ionic strengths to precisely tune particle-to-protein interactions. In this work, we were able to differentiate protein corona, small aggregates formation, and massive aggregation, as well as obtain fractal information of the aggregates reliably and straightforwardly. The strategy presented here can be expanded to other particle-to-protein mixtures and might be employed as a quality control platform for samples that undergo biological tests.

Introduction

The lack of fundamental understanding of physicochemical processes that occur when nanoparticles are injected into the bloodstream has hampered meaningful advances in nanoparticles-based precision medicine. [START_REF] Poon | A Framework for Designing Delivery Systems[END_REF][START_REF] Wang | Metabolism of Nanomaterials In Vivo: Blood Circulation and Organ Clearance[END_REF][START_REF] Nel | Understanding Biophysicochemical Interactions at the Nano-Bio Interface[END_REF] Inside the body, nanoparticles (NPs) non-specifically adsorb blood proteins (forming the so-called protein corona) which end up masking the outermost surface of the engineered NPs and represent one of the main mistargeting reasons. 4- 7 Furthermore, the protein corona is prone to induce NPs aggregation, limiting their ultimate application since the overall surface-area is drastically changed, reducing their biological outcome. Also, the surface charge and composition (dictated by the protein corona) as well as the size and shape of particles or aggregates are intimately correlated to undesirable coagulation disorders and immune responses. [START_REF] Zhdanov | Formation of a Protein Corona around Nanoparticles[END_REF][START_REF] Moore | Nanoparticle Colloidal Stability in Cell Culture Media and Impact on Cellular Interactions[END_REF][START_REF] Richtering | Nanoparticles in the Biological Context: Surface Morphology and Protein Corona Formation[END_REF] Within this scenario, many works have been devoted to deeply investigate the formation of protein corona onto nanoparticles, [START_REF] Richtering | Nanoparticles in the Biological Context: Surface Morphology and Protein Corona Formation[END_REF][START_REF] Baimanov | Understanding the Chemical Nature of Nanoparticle-Protein Interactions[END_REF][START_REF] Carril | In Situ Detection of the Protein Corona in Complex Environments[END_REF][START_REF] Walkey | Understanding and Controlling the Interaction of Nanomaterials with Proteins in a Physiological Environment[END_REF][START_REF] Cui | Quantitative Study of Protein Coronas on Gold Nanoparticles with Different Surface Modifications[END_REF][START_REF] Pino | Protein Corona Formation around Nanoparticles -From the Past to the Future[END_REF][START_REF] Pinals | Engineering at the Nano-Bio Interface: Harnessing the Protein Corona Towards Nanoparticle Design and Function[END_REF][START_REF] Rahman | Protein-Nanoparticle Interactions: The Bio-Nano Interface[END_REF] and how these nanoparticle-protein complexes interact with cells and trigger biological responses. [START_REF] Lazarovits | Synthesis of Patient-Specific Nanomaterials[END_REF][START_REF] Caracciolo | Biological Identity of Nanoparticles In Vivo : Clinical Implications of the Protein Corona[END_REF][START_REF] Tenzer | Rapid Formation of Plasma Protein Corona Critically Affects Nanoparticle Pathophysiology[END_REF][START_REF] Donahue | Concepts of Nanoparticle Cellular Uptake, Intracellular Trafficking, and Kinetics in Nanomedicine[END_REF] However, the colossal complexity behind these studies dealing simultaneously with NPs, protein coronas, and biological systems has made them rely on model systems where concentrations and conditions are far from those envisaged in real bloodstream applications. This strategy has definitively boosted an exponential advance on "quasi-ideal" protein corona understanding at the same time that these findings have found significant limitations in being correlated with medical reality resulting in low bench-to-market translation. [START_REF] Caracciolo | Biological Identity of Nanoparticles In Vivo : Clinical Implications of the Protein Corona[END_REF][START_REF] Cai | The Crown and the Scepter: Roles of the Protein Corona in Nanomedicine[END_REF] In addition, the desire for obtaining ideal systems for protein corona studies has somehow prevented an in-depth understanding of the ultimate role of this protein shell on triggering or preventing NPs aggregation in biological fluids. [START_REF] Moore | Nanoparticle Colloidal Stability in Cell Culture Media and Impact on Cellular Interactions[END_REF][START_REF] Walkey | Understanding and Controlling the Interaction of Nanomaterials with Proteins in a Physiological Environment[END_REF][START_REF] Safi | The Effects of Aggregation and Protein Corona on the Cellular Internalization of Iron Oxide Nanoparticles[END_REF] This fact associated with the difficulty of distinguishing between protein corona and NPs aggregation has prevented a broader understanding and the possibility of establishing any correlation between these two phenomena. Also, the techniques and strategies currently available are usually more suitable for studying either protein corona or NPs aggregation. [START_REF] Walkey | Understanding and Controlling the Interaction of Nanomaterials with Proteins in a Physiological Environment[END_REF][START_REF] Rahman | Protein-Nanoparticle Interactions: The Bio-Nano Interface[END_REF][START_REF] Agrahari | Nanoformulation Properties, Characterization, and Behavior in Complex Biological Matrices: Challenges and Opportunities for Brain-Targeted Drug Delivery Applications and Enhanced Translational Potential[END_REF] Although many reports have tried to draw a correlation between protein corona and NPs aggregation, the amount of information is still sparse, and the correlation between them is not obvious. [START_REF] Safi | The Effects of Aggregation and Protein Corona on the Cellular Internalization of Iron Oxide Nanoparticles[END_REF][START_REF] Landgraf | A Plasma Protein Corona Enhances the Biocompatibility of Au@Fe3O4 Janus Particles[END_REF][START_REF] Walkey | Protein Corona Fingerprinting Predicts the Cellular Interaction of Gold and Silver Nanoparticles[END_REF] In parallel, mimicking NPs in natural medical environments is challenging, [START_REF] Zhdanov | Formation of a Protein Corona around Nanoparticles[END_REF] and only a very few and low informative number of techniques can finely probe these structures when in blood. [START_REF] Rahman | Protein-Nanoparticle Interactions: The Bio-Nano Interface[END_REF][START_REF] Tenzer | Nanoparticle Size Is a Critical Physicochemical Determinant of the Human Blood Plasma Corona: A Comprehensive Quantitative Proteomic Analysis[END_REF][START_REF] Hadjidemetriou | In Vivo Biomolecule Corona Around Blood-Circulating, Clinically Used and Antibody-Targeted Lipid Bilayer Nanoscale Vesicles[END_REF][START_REF] Aliyandi | Disentangling Biomolecular Corona Interactions With Cell Receptors and Implications for Targeting of Nanomedicines[END_REF] Further, the complexity related to the ionic strength of the media and the vast span in concentration ranges of all components are bottlenecks that limit consistent and rational nanoparticle-based medical development. [START_REF] Moore | Nanoparticle Colloidal Stability in Cell Culture Media and Impact on Cellular Interactions[END_REF][START_REF] Walkey | Understanding and Controlling the Interaction of Nanomaterials with Proteins in a Physiological Environment[END_REF][START_REF] Lee | Adsorption of Myoglobin and Corona Formation on Silica Nanoparticles[END_REF][START_REF] Maiolo | Nanomedicine Delivery: Does Protein Corona Route to the Target or off Road?[END_REF][START_REF] Picco | Protein Corona Meets Freeze-Drying: Overcoming the Challenges of Colloidal Stability, Toxicity, and Opsonin Adsorption[END_REF][START_REF] Capeletti | Gram-Negative Bacteria Targeting Mediated by Carbohydrate-Carbohydrate Interactions Induced by Surface-Modified Nanoparticles[END_REF][START_REF] Kose | Influence of the Physicochemical Features of TiO2 Nanoparticles on the Formation of a Protein Corona and Impact on Cytotoxicity[END_REF] Here we report an innovative experimental design that spans over an extensive proteinto-particle concentration range and provides an entire picture that considers protein corona formation and NPs partial or massive aggregation states close to natural medical conditions. Silica nanoparticles of ~ 25 nm were first synthesized and later incubated in buffers at distinct ionic strengths with either bovine albumin serum, bovine γ-globulin, chicken egg lysozyme, or fetal bovine serum. These complex mixtures of nanoparticles and proteins were then in-depth investigated by applying a cutting-edge association of complementary Dynamic Light and Small-Angle X-ray Scattering techniques (DLS and SAXS, respectively) with Cryo-Transmission Electron Microscopy (Cryo-TEM). The approach described here was able to finely map protein corona formation and its NPs aggregation induction in a concentration-dependent fashion as required for a rational understanding of sustainable and effective systems for medicine use.

Materials and Methods

Materials

Tetraethoxysilane (TEOS, reagent grade 98%), ammonium hydroxide aqueous solution (NH4OH: 28-30%.wt NH3, ACS reagent), sodium phosphate monobasic (NaH2PO4), sodium phosphate dibasic (Na2HPO4), phosphate buffer saline (PBS) tablets, cellulose membrane (cut-off 12-14 kDa), bovine serum albumin (BSA), lysozyme and bovine γ-globulin (BGG) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (P.A.) was obtained from Merck (Darmstadt, HE, Germany). Fetal bovine serum (FBS) was purchased from Gibco (part of ThermoFisher Scientific, Whatham, USA; Cat. Num.: 12657-029, Lot Num.: 210420K, protein composition informed by the suppleier: total proteins = 49.3 g.L -1 , albumin = 27.2 g.L -1 , α-globulins 19.1 g.L -1 , β-globulins 3 g.L -1 and γ-globulins 0.119 g.L -1 ). Water used in all procedures was obtained from a water purification system (Purelab from ELGA -BUX, UK) and had a measured resistivity of 18.2 MΩ•cm. All buffers and protein solutions were filtered (pore 0.22 µm) prior to use.

Synthesis and characterization of silica nanoparticles (SiO2)

SiO2 synthesis was adapted from procedures already described in the literature. [START_REF] Stöber | Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range[END_REF][START_REF] Bogush | Preparation of Monodisperse Silica Particles: Control of Size and Mass Fraction[END_REF][START_REF] Picco | Freeze-Drying of Silica Nanoparticles: Redispersibility toward Nanomedicine Applications[END_REF] In summary, 3.5 mL of NH4OH was added to 120 mL of ethanol under magnetic stirring. Two aliquots of 2.5 mL of tetraethyl orthosilicate (TEOS) were then added to the pre-formed mixture after 0.5 and 3 h of stirring. Stirring was continued for another 24 h at room temperature and the formed SiO2 were purified by dialysis using a cellulose membrane and washed first in an ethanol/water mixture of (75:25 v/v) and then in water until neutral pH. The resulting aqueous suspension was stored at 4 °C.

SiO2 concentration in the aqueous suspension was determined by thermogravimetric analysis (TGA) using a thermogravimetric analyzer Pyris 1 (Perkin-Elmer). During this procedure, 30 μL of SiO2 suspension were heated from 20 to 200 °C under a synthetic air atmosphere with a heating rate of 5 °C per minute. After evaporation, sample weight attains a plateau above 110-120 °C which is attributed to the remaining solid content (SiO2). The value of the remaining weight (at 150 °C) was used to calculate the concentration of SiO2 in the aqueous suspension. The analysis was performed in quintuplicate.

SiO2 hydrodynamic diameter (DH) was evaluated by dynamic light scattering (DLS) using a Malvern Zetasizer ZS equipment equipped with a red laser (632.8 nm) and operated in backscatter mode (detection angle = 173°). The measurements were performed in triplicate, where each measurement consisted in 10 runs of 10 seconds, at 25°C with thermal stabilization of 120 seconds. The correlation curves were analyzed using the method of cumulants to obtain the hydrodynamic diameter (Z-average) and the polydispersity index (PDI), and a non-negative least squares adjustment algorithm (NNLS) to extract size distributions. Both procedures are implemented in the Malvern´s Zetasizer software.

SiO2 zeta potential measurements were also done using the Malvern Zetasizer ZS equipment above-mentioned. SiO2 suspensions (1 mg.mL -1 ) were prepared in a phosphate buffer (PB, prepared from NaH2PO4 and Na2HPO4) at pH = 7.4 and sonicated prior to the experiment. Measurements were made in triplicates, at 25 °C (with 120 seconds of thermal stabilization), using an applied potential of 150 V. [START_REF] Doane | Nanoparticle ζ -Potentials[END_REF] The shape, (dry) size and size distribution of nanoparticles were evaluated by transmission electron microscopy (TEM). The samples were prepared by depositing a drop of the SiO2 suspension on a 400 mesh microscope slide coated with a 5 nm carbon film. Samples were examined using a JEOL 2100 microscope (0.25 nm point-to-point resolution) with an acceleration voltage of 200 kV. The experiments were carried out at the Brazilian Nanotechnology Laboratory (LNNano) electron microscopy facility. Data processing was performed using ImageJ software. [START_REF] Schneider | NIH Image to ImageJ: 25 Years of Image Analysis[END_REF] In order to obtain size distribution at least 300 nanoparticles were counted .

Nanoparticle-Protein Mixtures Preparation

Four sources of distinct model proteins were used throughout this study: bovine serum albumin (BSA), bovine γ-globulin (BGG), chicken egg lysozyme and fetal bovine serum (FBS). The interaction between these proteins and SiO2 was evaluated in either 10 mM phosphate buffer (PB, prepared from NaH2PO4 and Na2HPO4) or phosphate buffered saline (PBS, from tablets containing 10 mM PB + 137 mM NaCl + 2.7 mM KCl) both at pH 7.4. The BSA, BGG and lysozyme solutions were prepared by solubilizing the proteins in PB or PBS. After filtration (0.22 μm), the protein concentration was determined by UV-Vis absorption (λ = 280 nm) using the absorption coefficients 0.67 L.g -1 cm -1 , 1.38 L.g -1 cm -1 and 2.51 L.g -1 cm -1 for BSA, BGG and lysozyme, respectively. 40 Subsequently, appropriate dilutions were performed to achieve the working concentrations. The FBS solutions were prepared by dilution in a volumetric flask since the total protein concentration (49.3 g.L -1 ) is reported by the manufacturer.

Nanoparticle-protein mixtures were prepared by mixing 2 g.L -1 SiO2 suspensions and 2 g.L - 1 of the chosen protein solutions in PB or PBS and keeping the final volume of the system and the total mixture concentration in g.L -1 constant. Thus, each mixture can be described by its mixing ratio (volume of protein solution: volume of SiO2 suspension; the mixing ratio is equivalent to the ratio between protein and SiO2 mass concentrations). In addition, each mixture can be described by its protein-to-particle molar ratios, PPMR. In this case, for each mixture, protein molarities were calculated considering their molecular weights and SiO 2 molarity was calculated taking into account nanoparticle size (by TEM) and mass concentration. More details on the calculations can be found in the results and discussion section and in the supporting information (SI; see section S1). Human plasma samples were obtained from the blood of healthy individuals from the Unicamp blood center (according to institutional bioethics approval -CAEE: 45209821.7.1001.5404), pooled in aliquots and stored in a freezer before the experiments. Total protein plasma concentration was determined with a bicinchoninic acid (BCA) assay according to the manufacturer's protocol (Thermo). Nanoparticle-protein mixtures were studied by dynamic light scattering (DLS), small X-ray angle scattering (SAXS) and cryogenic transmission electron microscopy (cryo-TEM). All experiments were performed within 30 min after mixture preparation. Inside this time frame, we could not detect any structural change in the studied systems. DLS experiment were performed using the same equipment explained above. SAXS measurements were used to determine the size and polydispersity of SiO2 and proteins, as well as to obtain structural information regarding protein corona or aggregates formation upon the mixtures. The measurements were performed on the D1B-SAXS1 and Cateretê beamlines in the Brazilian Synchrotron Light (LNLS) facility. Silver behenate was used as a standard to calibrate the instrument and. All measurements were performed at room temperature and, prior to data processing, all the corresponding corrections were made on the two-dimensional image obtained during the experiment. Modeling of SAXS data was performed using SASfit software. [START_REF] Breßler | A Tool for Small-Angle Scattering Data Analysis Using a Library of Analytical Expressions[END_REF] Cryo-TEM was used to investigate protein-induced SiO2 aggregation. Briefly, 7μl of the suspension were dripped onto the grid and the excess was removed with a filter paper. The grid was then immersed in liquid ethanol and liquid nitrogen (Vitrobot FEI) and transferred to the TEM JEOL 1400 PLUS microscope. The analyzes were performed at a voltage of 120 kV and the experiments were carried out at the electron microscopy facility of LNNano.

Results and Discussion

In this work, silica nanoparticles (SiO2) were obtained by the sol-gel method through a one-step synthesis approach [START_REF] Stöber | Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range[END_REF][START_REF] Bogush | Preparation of Monodisperse Silica Particles: Control of Size and Mass Fraction[END_REF][START_REF] Picco | Freeze-Drying of Silica Nanoparticles: Redispersibility toward Nanomedicine Applications[END_REF] and purified by dialysis. TEM was used to investigate the shape, size, and size distribution of the synthesized particles. Figures 1a andb show selected images where SiO2 of uniform sizes and quasi-spherical shapes can be seen at low and high magnifications, respectively. A Gaussian size distribution (Figure 1c) was used to adjust the TEM data, and a mean diameter of D TEM = 23.2 nm, and standard deviation δ = 2.6 nm were obtained. In addition, DLS measurements were performed to evaluate SiO2 hydrodynamic diameter (DH) and polydispersity (PDI). A DH of 30.7 nm and a considerably low PDI of 0.089 were observed by cumulant analysis in phosphate buffer (PB). Figure 1d shows the corresponding SiO2 intensityweighted DH distribution obtained by the NNLS method. Similar results were also obtained in saline conditions (See SI, section S2). The differences between the average sizes obtained by TEM and DLS can be ascribed to the fundamentals behind each technique and have been well documented in the literature. [START_REF] Khlebtsov | Determination of the Size, Concentration, and Refractive Index of Silica Nanoparticles from Turbidity Spectra[END_REF][START_REF] Dieckmann | Particle Size Distribution Measurements of Manganese-Doped ZnS Nanoparticles[END_REF][START_REF] Mahl | Possibilities and Limitations of Different Analytical Methods for the Size Determination of a Bimodal Dispersion of Metallic Nanoparticles[END_REF] The zeta potential of the particles was also measured in 10 mM phosphate buffer at pH = 7.4, and a value of -39.9 ± 2.5 mV was obtained, which is an indication of the dissociated silanol groups on the SiO2 surface and agrees well with previously reported values. [START_REF] Metin | Stability of Aqueous Silica Nanoparticle Dispersions[END_REF]46 

Figure 1. Structural details of silica nanoparticles and proteins used throughout this work. (a) Low and (b) high-magnification transmission electron microscopy images of silica nanoparticles. Silica nanoparticle size distributions derived from (c) transmission electron microscopy images and (d) dynamic light scattering-based SiO2 size distribution (e) Size comparison between silica nanoparticle and bovine γglobulin (BGG), bovine serum albumin (BSA), and lysozyme. Since IgGs are the main constituents of the BGG fraction, an IgG molecule was presented. (f) Electrostatic potential surfaces of BSA, BGG (IgG), and lysozyme.

Positive regions are represented in blue, negative ones are shown in red, while white areas depict neutral regions. All protein structures were taken from the Protein Data Bank. 47 PDBs were 3v03 for BSA, 3WUN for lysozyme, and 1IGY for IgG. Molecular representations were made using PyMOL. [START_REF]The PyMOL Molecular Graphics System, Version 2.0 Schrödinger[END_REF] Electrostatic potential surfaces were calculated with APBS [START_REF] Jurrus | Improvements to the APBS Biomolecular Solvation Software Suite[END_REF] (as implemented in PyMOL).

These nanoparticles were incubated with either bovine serum albumin (BSA), bovine γglobulin (BGG), chicken egg lysozyme, or fetal bovine serum (FBS) in phosphate buffer (PB, pH = 7.4, ionic strength, I ~ 25 mM, calculated from ion composition as I = ½ Ʃi ci zi [START_REF] Wang | Metabolism of Nanomaterials In Vivo: Blood Circulation and Organ Clearance[END_REF] where ci and zi are the concentration and ionic valency of the i th ion in the media, respectively) or phosphate buffer saline (PBS, pH = 7.4, I ~ 163 mM). These two buffers were selected to evaluate the influence of ionic strength (low in PB and high in PBS). Serum albumins are the most abundant protein in mammals' sera (e.g., in humans, > 50 % of total protein blood content) and play a fundamental role as carriers (of drugs, fatty acids, ions, among others) as well as on the maintenance of oncotic pressure. BSA is a ~ 66.5 kDa molar mass (Mw) protein formed by a single polypeptide chain containing 583 amino acid residues, and its isoelectric point (pI) is between 4.70 and 5.60, giving rise to an overall negative charge at pH = 7.4. In addition, it has an overall structure akin to human serum albumin (HSA) due to their similarity in 76% of the amino acid sequence [START_REF] Peters | All about Albumin : Biochemistry, Genetics, and Medical Applications[END_REF] and justifies the large number of studies with BSA. γ-globulins are an essential protein fraction of mammals´ sera mainly constituted by immunoglobulins (antibodies), where the IgGs are the most abundant ones. Immunoglobulins are critical players of the humoral immune response. [START_REF] Murphy | The Humoral Immune Response[END_REF] BGG is a mixture of immunoglobulins (approximately 80% IgG, 10%, IgM and 10% IgA) [START_REF] Da | Effective Interactions and Colloidal Stability of Bovine Γ-Globulin in Solution[END_REF] with an average molecular weight of ~ 150 kDa (as informed by the distributor) and a pI ~ 6.6 (thus, presenting a subtle negative charge at pH=7.4). [START_REF] Pihlasalo | Method for Estimation of Protein Isoelectric Point[END_REF] Lysozyme is a ubiquitous globular protein with bactericidal properties found in human fluids like saliva and tears. [START_REF] Callewaert | Lysozymes in the Animal Kingdom[END_REF] Lysozyme from chicken egg (the most commonly used lysozyme source) has a polypeptide chain constituted by 129 amino acid residues and presents an Mw ~14 kDa. [START_REF] Jollès | Lysozymes: A Chapter of Molecular Biology[END_REF] It has a high pI ∼ 11.4, which results in a positively and strongly charged structure at pH = 7.4. Lysozyme has been frequently used as a small and hard protein model, and independent studies have shown that its adsorption onto silica nanoparticles (negatively charged) is considerably strong due to electrostatic interactions. [START_REF] Bharti | Aggregation of Silica Nanoparticles Directed by Adsorption of Lysozyme[END_REF][START_REF] Estephan | Zwitteration As an Alternative to PEGylation[END_REF][START_REF] Kumar | SANS and UV-Vis Spectroscopy Studies of Resultant Structure from Lysozyme Adsorption on Silica Nanoparticles[END_REF] Thus, lysozyme has been used as a model for analyzing the SiO2behavior in the positively charged protein presence even though its concentration in plasma is negligible. A size comparison (in scale) between a 25 nm silica particle and BSA, BGG (IgG), and lysozyme is presented in Figure 1e. It highlights the size difference between the particle and the proteins and points out a significant difference when these proteins are compared. An out-of-scale representation of proteins´ electrostatic potential surfaces is shown in Figure 1f. Here, positive areas are represented in blue, negative domains are shown in red, while neutral regions are depicted in white. It is not obvious to identify a more significant number or more concentrated blue/red areas, although we have presented BSA, γ-globulin, and lysozyme from low to high pIs. Irrespective of their overall charge at physiological pH (BSA negative, BGG barely negative, and lysozyme positive), the three proteins have abundant positive and negative domains. Differently from the three formerly discussed protein sources, FBS is a complex mixture of proteins, lipids, sugars, free amino acids, hormones, vitamins, trace elements, among other components. In addition, FBS composition is batch-dependent 59 and presents the protein fraction as its primary component with concentrations ranging from 32 to 70 g.L -1 . Among this protein fraction, albumin is the principal component (e.g., in the FBS used here represents ca. 55%) while low to negligible concentrations of BGG is found. More details of the FBS used here are provided in the materials section. Relevant data on the different proteins or sources of proteins used along the work is collected in Table 1. *This value is a tentative molecular weight calculated under the rough approximation that the proteins in FBS other than albumin can be represented as having an Mw ~104 KDa. [START_REF] Rimington | Recent Advances in the Chemistry of Certain Blood Constituents[END_REF] See the text below for more details.

The interaction between SiO2 and the proteins mentioned above (BSA, BGG, Lysozyme, and FBS) was studied by varying the molar concentration of nanoparticles and proteins while keeping the total concentration (mass/volume) constant. This approach is based on the Job's Plot method (method of continuous variations), [START_REF] Renny | Method of Continuous Variations: Applications of Job Plots to the Study of Molecular Associations in Organometallic Chemistry[END_REF][START_REF] Olson | Getting More out of a Job Plot: Determination of Reactant to Product Stoichiometry in Cases of Displacement Reactions and n: N Complex Formation[END_REF][START_REF] Huang | Determination of Binding Stoichiometry by the Continuous Variation Method: The Job Plot[END_REF] commonly used in analytical chemistry to determine binding stoichiometry over large concentration ranges, and has been successfully adapted by our group to investigate polyelectrolytes association through DLS. [START_REF] Berret | Stoichiometry of Electrostatic Complexes Determined by Light Scattering[END_REF][START_REF] Mousseau | Nanoparticle-Lipid Interaction: Job Scattering Plots to Differentiate Vesicle Aggregation from Supported Lipid Bilayer Formation[END_REF][START_REF] Mousseau | Polyelectrolyte Assisted Charge Titration Spectrometry: Applications to Latex and Oxide Nanoparticles[END_REF][START_REF] Mousseau | Supported Pulmonary Surfactant Bilayers on Silica Nanoparticles: Formulation, Stability and Impact on Lung Epithelial Cells[END_REF] Figure 2 shows the DH evolution at various protein-to-particle molar ratios (PPMR; see SI section S1) for distinct proteins and buffers. For FBS, since its protein fraction is a complex mixture, a tentative Mw was estimated by taking a weighted average between BSA and the rest of the proteins' content, considering that the remaining proteins can be roughly represented by an Mw ~ 104 KDa. [START_REF] Rimington | Recent Advances in the Chemistry of Certain Blood Constituents[END_REF] Thus, we calculated a value of Mw ~ 83 KDa for the FBS used here. This value was considered in all PPMR calculations involving FBS.

Figure 2 shows the DH evolution of SiO2 at various PPMRs for distinct proteins in PB and PBS. The interaction between SiO2 and BSA in PB (Figure 2a) indicates a slight DH increase, suggesting BSA adsorption on the SiO2 surface, forming a protein corona without aggregation. The maximum ∆DH is around 3 nm, which is less than the 6-8 nm expected for a monolayer of BSA with protein molecules adsorbed on a flat configuration. [START_REF] Yu | Albumin-Coated SPIONs: An Experimental and Theoretical Evaluation of Protein Conformation, Binding Affinity and Competition with Serum Proteins[END_REF] This is likely related to the free BSA concentration that increases with increasing PPMR, thus biasing the observed nanoparticle DH toward lower values. Similar trends have been already reported in the literature. [START_REF] Galdino | Inside the Protein Corona: From Binding Parameters to Unstained Hard and Soft Coronas Visualization[END_REF] At higher ionic strength, in PBS (Figure 2b), BSA adsorption on SiO2 induces nanoparticles aggregation, evidenced by the significant DH increase of about 10-fold (see Figures 2c andc). In this case, SiO2-BSA complexes aggregate likely by screening the electrostatic interactions, resulting in a surface charge reduction and consequent mitigation of repulsion between the particles. This hypothesis is supported by considering that the number of proteins required to induce the maximum D H decreased from approximately 100 to 10 when going from PB to PBS. a,b,d,e,g,h,j, and k are silica in the absence of proteins and proteins in the absence of silica, respectively.

Figure 2. Hydrodynamic diameter (DH) evolution as a function of protein-to-particle molar ratio (PPMR) in panels a, b, d, e, g, h, j, and k and maximum hydrodynamic diameter variation compared to the bare silica particle (∆DH) in different media in panels c, f, i and l. Data for BSA in panels a, b, and c, for BGG in panels d, e and f, for lysozyme in panels g, h and i and FBS in panels j, k, l. The left-most and right-most experimental points in panels

For BGG, no signals of aggregation can be seen in PB at very low ratios, and we assume that protein corona is formed when PPMR is smaller than 10 (Figure 2d). However, a sudden DH increase can be observed, reaching a maximum aggregate size of about 1 µm at PPMR ~ 100. It likely indicates that the overall protein charge plays an important role, at least at high protein/particles ratios, since the reduction of the overall protein negative charge (BGG) is no longer enough to maintain the colloidal stability of the system as observed for BSA. This scenario is further confirmed by the data in PBS (Figure 2e), where aggregates much larger than the ones found for BSA in PBS are seen (Figure 2f). Coincidently, the PPMR values for the highest ∆DH are similar for BSA and BGG when the same buffer is taken into account. This likely indicates that the adsorption/aggregation is driven by the same mechanism, further enhanced when the protein pI is increased. Contrarily, lysozyme induced massive particles aggregation in both media (Figure 2g and h) from extremely low to high PPMRs. Final aggregate sizes are considerably larger than 5 µm (Figure 2i), and, consequently, we cannot accurately estimate their sizes nor discuss the ionic strength effect. In this specific case, the charge neutralization between the positively charged proteins and the negatively charged particles drives to a strong interaction, leading to large nanoparticle aggregates in both media. Furthermore, it has been previously reported that lysozyme can be the bridging point between distinct silica particles, further contributing to their aggregation. [START_REF] Bharti | Aggregation of Silica Nanoparticles Directed by Adsorption of Lysozyme[END_REF][START_REF] Bharti | Bridging Interactions of Proteins with Silica Nanoparticles: The Influence of PH, Ionic Strength and Protein Concentration[END_REF] As described above, FBS is a mixture of various proteins which in the presence of PB adsorbed on the SiO2 surface without signals of massive aggregation (Figure 2j). In addition, the ∆DH maximum was close to 30 nm, which either indicates the formation of clusters composed of a few particles or a thick multilayered protein corona, as already reported in the literature. [START_REF] Izak-Nau | Altered Characteristics of Silica Nanoparticles in Bovine and Human Serum: The Importance of Nanomaterial Characterization Prior to Its Toxicological Evaluation[END_REF] Figure 2k shows the results for SiO2-FBS mixtures in PBS that exhibits a maximum ∆DH of approximately 300 nm at PPRM around 50-100. Furthermore, the overall Job´s plot shape (by comparing Figures 2a andj, and Figures 2b andk) and the maximum ∆DH (Figure 2c andl) are reasonably similar to the one observed for BSA, indicating that the dominant behavior of FBS is dictated by albumin which is the most abundant component. Differences between the interaction of SiO2 with FBS and BSA might be associated with other components found in FBS. It is essential to point out that DH tends to decrease with increasing PPMR after reaching the DH maxima gradually. This behavior can be attributed to the excess of free protein that biases the DH values toward lower values, as discussed for BSA in PB. Contrarily, lysozyme forms very large aggregates, and the scattering contribution coming from the free proteins is almost indistinguishable, while the DH values only marginally decrease at high PPMRs. These results are summarized in Table 2. In addition to these DLS results, the evolution of the total scattering intensity with increasing PPMR for all the different mixtures understudy was also recorded and exhibited similar trends observed in Figure 2 (results presented in the SI -Section S4).

Table 2. Summary of main results derived from DLS and SAXS analysis

DLS SAXS

*∆DH and Pmax refer to the maximum hydrodynamic diameter obtained by DLS and the maximum P-value adjusted by SAXS, respectively. PPMRmax refers to the PPMR value at which ∆DH or Pmax are observed.

Complementarily, SAXS was employed as a tool to differentiate protein corona and aggregation as well as to obtain structural information related to the aggregates. Figure 3a shows representative SAXS curves resulting from the mixture between SiO2 and lysozyme in PB. The SAXS curves for the remaining samples are presented in the SI (see Section S6).

Figure 3. (a) Small-angle X-ray scattering (SAXS) profiles for pure lysozyme and SiO2 as well as for a few selected mixtures between these two components at distinct protein-to-particle molar ratios (PPMR) in PB media. (b) An experimental SAXS curve of a sample containing BSA and SiO2 at PPMR = 20 in PB was

hypothetically chosen to highlight the structural levels used for fitting the data. The red curve corresponds to the global fit, the blue level signal comes from BSA, the green level is attributed to silica nanoparticles, while the black level intensity is related to the aggregate signal. Meaningful SAXS profile changes can be seen and are related to the changes in sample composition or the formation of aggregates. In the low-q part (q < 0.2 nm -1 ), the scattering is dominated by the presence of individual structures (usually nanoparticles at low PPMRs or proteins at high PPMRs) or the formation of aggregates which induce an evident change of the scattering curve (mainly, the inclination in the low-q region). On the other hand, for q values larger than 0.2 nm -1 , the scattering is mainly dominated by SiO2, proteins, or their physical mixture (we could not detect cooperative interaction). Then, the SAXS curves were deconvoluted by using up to three different scattering contributions: (a) SiO2 nanoparticles (represented by polydisperse spheres), (b) proteins and, (c) aggregates fitted using a Power-law decay (P) together with a cut-off constrained to the size of SiO2. [START_REF] De Oliveira | Partial Aggregation of Silver Nanoparticles Induced by Capping and Reducing Agents Competition[END_REF] Details on the used model can be found in the SI (see Section S4). A deconvolution example is presented in Figure 3b, where all three distinct contributions can be identified. In all cases, SiO2 particles and proteins were first fit using the scattering of pure systems, and upon the mixtures, only scale factors were used, which drastically reduced the number of free parameters.

P values were then obtained for each mixture, and the results are presented as Job´s plots in Figure 4. For BSA in PB, P ~ 0 implies the absence of aggregation, suggests that only protein corona formation occurs, and corroborates DLS results. For this specific case, subtle changes in DH (DLS) could not qualitatively affect the SAXS profiles, and all curves overlap when scaling is applied. Except for FBS in PB, all remaining samples have shown maximum P values either around 2.5 or between 3 and 4, meaning either mass or surface fractal formation, respectively. [START_REF] Beaucage | Small-Angle Scattering from Polymeric Mass Fractals of Arbitrary Mass-Fractal Dimension[END_REF] Maximum P values deriving from the interaction of SiO2 and the different protein sources under study are summarized in Figure 4 c, f, i, andl. Although we cannot extract aggregates size from SAXS curves since a shoulder-type Guinier region is not seen in the low-q region, [START_REF] De Oliveira | Partial Aggregation of Silver Nanoparticles Induced by Capping and Reducing Agents Competition[END_REF][START_REF] Beaucage | Small-Angle Scattering from Polymeric Mass Fractals of Arbitrary Mass-Fractal Dimension[END_REF][START_REF] Schmitt | Formation of Nanostructured Silica Materials Templated with Nonionic Fluorinated Surfactant Followed by in Situ SAXS[END_REF][START_REF] Beaucage | Approximations Leading to a Unified Exponential/Power-Law Approach to Small-Angle Scattering[END_REF] the P values are helpful to distinguish fractal features for the distinct aggregates. Non-equilibrium growth processes likely related to diffusion-limited aggregation are usually related to P ~ 2.5, suggesting that this kind of structure is not closely packed. This behavior is observed when SiO2 interacts with BSA in PBS (Figure 4b) and with lysozyme in both media (Figure 4g andh). On the other hand, much denser structures are foreseen for surface fractals where P values are between 3 and 4. This is observed for the interaction of SiO2 with BGG, both in PB and PBS (Figure 4d ande) and for FBS in PBS (Figure 4k). Contrarily to the scenario described above, SiO2 exposed to FBS in PB has shown P-values around 2. Although it is possible to argue that this could also be related to non-equilibrium growth processes that produce less dense aggregates, such as multiparticle diffusion-limited aggregation, other possibilities are also sound. [START_REF] Beaucage | Small-Angle Scattering from Polymeric Mass Fractals of Arbitrary Mass-Fractal Dimension[END_REF] Among them, it would also be possible to consider that these small structures induce an intermediate P-value between 0 and 2.3 or 3.0-4.0 and, consequently, do not reach the final aggregate state. In addition, the possibility of forming small clusters of a few particles with irregular shapes would also give rise to a P-value which could also be close to 2. Table 2 presents the main results obtained by both SAXS, while comparing them with the DLS ones. a,b,d,e,g,h,j b, d, e, g, h, j, andk are silica in the absence of proteins and proteins in the absence of silica, respectively.

Figure 4. Power-law decay (P) evolution as a function of protein-to-particle molar ratio (PPMR) in panels

Cryo-TEM was then used to elucidate the correlation between size and structure in the four SAXS scenarios described above (P ~ 0: no aggregation; P ~ 2: small clusters or weakly dense aggregates; P ~ 2.5: mass fractals; P > 3: surface fractals). Representative images are shown in Figure 5, while additional micrographs are provided in the Supporting Information. Figure 5a shows the mixture of SiO2 and BSA in PB at PPMR ~ 25, which corresponds to P = 0, where individual particles are seen. In this case, we understand that protein corona formation occurs due to the slight DH increase with no qualitative change in SAXS curves. In addition, this image highlights that the changes seen by DLS are not related to a partial aggregation as schematized in Figure 5b. Figure 5c shows a cryo-TEM image for SiO2 and FBS in PB at PPMR ~ 45, corresponding to P ~ 2. A quasi-homogeneous sample is seen in this specific case where a few small aggregates (indicated by the arrows) are identified. These aggregates are likely the reason for a significant D H increase from 30 to 85 nm and are also correlated to the power-law appearance in the SAXS curves. Taking this image into account, we can now ascribe the found P-value (~ 2) for SAXS patterns to the inhomogeneity of the sample, which is a convolution resulting from distinct form factors. Thus, the presence of small and inhomogeneous aggregates (as schematized in Figure 5d) induces a SAXS profile change at low-q. The combination of the characterization tools used here clearly points out that the DH increase observed by DLS cannot be uniquely attributed to the protein corona since these small aggregates induce a DH increase and the appearance of P ~ 2. Figures 5e andg show two representative cryo-TEM images for aggregated samples representing structures with SAXS curves showing P ~ 2.5 (mixture of SiO2 and lysozyme in PB at PPMR ~ 270) and between 3 and 4 (mixture of SiO2 and BGG in PBS at PPMR ~ 25), respectively. Individual particles are rarely seen, which indicates massive aggregation in both cases. Although the DLS technique cannot discriminate them, SAXS P values can indicate about their differences, which is now confirmed by cryo-TEM images. The interaction between SiO2 and lysozyme produces micrometric structures, which are seen by DLS, while the SAXS P ~ 2.5 indicates a mass fractal structure that agrees well with an open structure (Figure 5e). Consequently, aggregates resembling an open network are observed, and Figure 5f shows a schematic representation of this aggregation process. Contrarily, a much denser structure is observed for cryo-TEM images (Figures 5g) obtained from the mixtures of SiO2 and BGG, where the SAXS P-values are between 3 and 4. Furthermore, the diminished amount of holes and the reduced void volume inside the aggregate structure corroborate the surface fractal nature previously suggested by the SAXS analysis (i.e., 3 < P < 4). Figure 5h presents a schematic representation of the surface fractal aggregates presenting a denser, more compact, and holes-free structure.

As a proof-of-concept of our approach applicability, silica nanoparticles were then incubated with platelet-free human plasma. Human plasma was obtained through full blood centrifugation and, consequently, presents all its coagulation components. Therefore, it is a very heterogenous sample in terms of size and composition and makes data interpretation very challenging. Before the experiment, human plasma protein concentration was determined and this value was used as quantification point for the mixtures and the graphs were then plotted as a function of protein-to-particle mass ratio. Figure 6 shows the DH evolution of SiO2 when incubated with human plasma in PB and PBS. The overall shape of the patterns is similar to the ones presented in Figure 2. Protein corona formation cannot be ascribed or detected here since even a physical mixture without interaction will result in an overall DH increase. This increase is due to the large size measured for human plasma when compared to bare silica which will result in a size increase that might be related to either protein corona formation or simply the presence of structures that are larger the. Nevertheless, we observe a significant DH increase for those intermediate mass ratios irrespective of the media. This DH increase is attributed to the formation of large aggregates constituted by SiO2 and plasma proteins (or other constituents). Moreover, considering that human plasma is full of coagulant factors, that the anticoagulant is diluted in the particle-protein mixtures (the lower the mass ratio, the higher the dilution), and that silica is a known coagulant activator, [START_REF] Fritsma | Recommendations for Appropriate Activated Partial Thromboplastin Time Reagent Selection and Utilization[END_REF][START_REF] Gryshchuk | Silica Nanoparticles Effects on Blood Coagulation Proteins and Platelets[END_REF] partial coagulation might take place in the mixtures.

Figure 6. Hydrodynamic diameter (DH) evolution of mixtures containing silica nanoparticles and human plasma as a function of protein-to-particle mass ratio in PB (a) and PBS (b). The left-most and the rightmost experimental points in panels refers to silica in the absence of proteins and proteins in the absence of silica. The left-most and right-most experimental points in both panels are silica in the absence of proteins and proteins in the absence of silica, respectively.

Then, SAXS measurements were performed to give any clue about the nature of these large structures seen by DLS (Figure 6). The SAXS curves (Figure SX) were exclusively fit using linear combinations of SiO2 nanoparticles and human plasma scattering contributions. For these specific set of samples, differently from Figures 3 and4, the third scattering level (Iagg) related to the nanoparticles aggregate formation was not needed to reach a good fitting quality (Section S4 -SI). However, the nature of the mixture here is very different and allow us to infer a few things. The bare human plasma present large structures which are seen by DLS (Figure 6). The scattering intensity is dependent on the size of the object and on the electron density difference between the mixture components. Consequently, while the human plasma present some large structures, silica nanoparticles present higher electron density. Thus, these large structures from the human plasma could, hypothetically, be masking the nanoparticles aggregation signal due to the large scattering power attributed to their size. However, if this was the case, we would probably identify a meaningful scattering profile change at low-q that would agree with the large DLS variation and with the scattering patterns in the presence of model proteins (Figure S4). Thus, although we observe a very important DLS change upon the mixtures, we believe it cannot be attributed to the particle aggregation due to the absence of Iagg for the SiO2 nanoparticles and human plasma mixtures. Alternatively, we hypothesize that the DLS variation followed by the absence of SAXS Iagg can be ascribed to the partial plasma coagulation. We suggest that coagulation takes place likely induced by the presence of the SiO2. It likely means that SiO2 is triggering the aggregation of biological components which are not directly seen in the SAXS curves due to either their low scattering contrast (hidden by the silica scattering power) or their size that generates scattering changes out of our experimental window (at lower q values).

The presented strategy can be expanded and adjusted to other particle-protein mixtures and employed as a quality control platform before biological tests. To further illustrate this point and highlight the relevance of the proposed strategy, we will extrapolate our approach to a wellestablished U. S. Food and Drug Administration (FDA) or European Medicine Agency (EMA) approved nanomedicine. We first consider a patient weighing 70 kg and height of 170 cm (surface body area, SBA ~1.8 m 2 ). [START_REF] Mosteller | Simplified Calculation of Body-Surface Area[END_REF] Thus, the patient total blood volume is ~5 L while 50% hematocrit (meaning ~2.5 L of total plasma volume) and regular plasma values for BSA (~45 g.L -1 , ~6.8•10 -4 M ) and γ-globulin (~11.5 g.L -1 , ~6.7•10 -5 M) are considered. [START_REF] Bishop | Clinical Chemistry: Techniques, Principles, Correlations[END_REF] DOXIL®, the first-approved and one of the most established anticancer nanomedicines in the market, [START_REF] Bobo | Nanoparticle-Based Medicines: A Review of FDA-Approved Materials and Clinical Trials to Date[END_REF] consists of PEGylated liposomes (liposome concentration of ~4.5•10 16 particles.L -1 , or ~7.5•10 -8 M) carrying doxorubicin (at a suspension concentration of 2 g.L -1 ) [START_REF] Gioria | Are Existing Standard Methods Suitable for the Evaluation of Nanomedicines : Some Case Studies[END_REF] and has been used to treat ovarian cancer (dose of 50 mg of doxorubicin per m 2 of SBA), Kaposi´s sarcoma (20 mg.m -2 ) and myeloma multiple (30 mg.m -2 ). For instance, ovarian cancer treatment requires 45 mL of intravenously DOXIL administration into the patient described above. Thus, the DOXIL liposome plasma concentration is ~1.3•10 -9 M and results in PPMRs of ~5•10 5 and 5•10 4 for BSA and γ-globulins, respectively. Consequently, the strategy described here can precisely map individual interactions between proteins and nanoparticles and can be used to probe the overall stability of the nano-system towards major and critical blood components taking into account their natural abundance. Moreover, it is essential to foresee that our strategy can also be brought to a three-dimensional view where nanoparticles and more than a single component can be simultaneously investigated, expanding our finds relevance in terms of practical use.

Conclusions

The use of a multi-technique approach combining Dynamic Light and Small-Angle X-ray Scattering techniques with cryo-Transmission Electron Microscopy to characterize and efficiently distinguish protein corona from aggregates formation was successfully demonstrated. The experiments were done with 25 nm silica particles in the presence of either model proteins (bovine albumin serum, bovine γ-globulin, and chicken egg lysozyme) or biologically relevant media (such as fetal bovine serum proteome or human plasma) in buffers of low and high ionic strengths. The particle-to-protein interaction was precisely tunned employing the Job's Plot method (continuous variation method) to cover extended concentration ranges and mimic environmental conditions relevant to intravenous nanoparticles' administration. The multitechnique approach proposed here was able to discriminate between protein corona and small aggregates formation as well as massive nanoparticles' aggregation. Furthermore, this approach was sensitive to distinguish between different types of aggregates and, consequently, extract their fractal information. We suggest that the strategy presented here can be employed to investigate complex particle-to-protein systems in conditions similar to those found during in vivo tests.
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  Figure 4. Power-law decay (P) evolution as a function of protein-to-particle molar ratio (PPMR) in panelsa, b, d, e, g, h, j, and k and the maximum P-value of each panel (PMAX) in different media in panels c, f, i, and l. Data for BSA in panels a, b, and c, for BGG in panels d, e, and f, for lysozyme in panels g, h, and i, and for FBS in panels j, k, and l. Blue and pink regions correspond to P values between 3 and 4 and 2.3 and 2.8, respectively. The left-most and right-most experimental points in panels a,b, d, e, g, h, j, and kare silica in the absence of proteins and proteins in the absence of silica, respectively.

Figure 5 .

 5 Figure 5. Cryo-transmission electron microscopy images (a, c, e and g) and schematic structural representations (b, d, f and h) for selected samples presenting P = 0 (a and b), P ~ 2.0 (c and d), P ~ 2.5 (e and f) and 3 > P > 4 (g and h). (a) SiO2 and BSA in PB at PPMR ~ 25, (c) FBS in PB at mixing ratio = 0.5, (e) lysozyme in PB at PPMR ~ 270 and (g) BGG in PBS at PPMR ~ 25. These images clearly show that the larger the P values induce more compact structures.

  

  

  

Table 1 .

 1 Molecular weight, pI, and charge at physiological pH (7.4) of the proteins understudy

		Mw (KDa)	pI	Charge pH=7.4	at
	BSA	66.5	4.7-5.6	(-)
	BGG	150	6.6	Slightly (-)
	Lysozyme 14	11.4	(+)
	FBS	83*	-	-
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