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Introduction

Protein adsorption to surfaces has been investigated for decades because of its role in biological functions (e. g. blood coagulation) but also because of its enormous impact in industrial sectors as diverse as energy, nutrition or medicine. In the latter field, therapeutic proteins, notably monoclonal antibodies (mAbs), are now widely used to treat a large variety of life-threatening conditions such as autoimmune diseases, inflammatory diseases, chronic diseases and cancers [START_REF] Kaplon | Antibodies to watch in 2020[END_REF]. During their production, purification, storage, transportation and delivery, the stability of therapeutic proteins is challenged in many ways, particularly by their exposure to interfaces to which they can adsorb [START_REF] Pinholt | The importance of interfaces in protein drug delivery -why is protein adsorption of interest in pharmaceutical formulations?[END_REF]. Interfacial adsorption has been identified in many studies as leading at best to protein concentration loss and at worst to molecular aggregation with potential immunogenic effects on patients [START_REF] Bee | Effects of surfaces and leachables on the stability of biopharmaceuticals[END_REF]. Moreover, the healthcare shift towards patient self-administration has initiated a rapid development of innovative drug storage, reconstitution and injection devices that involve numerous complex interfaces [START_REF] Shortall | ADVANCED DELIVERY DEVICES -The Reconstitution Revolution[END_REF][START_REF] Sreedhara | Challenges of Using Closed System Transfer Devices With Biological Drug Products: An Industry Perspective[END_REF]. In clinics and homecare, plastics are often used not least for their flexibility, their versatile moulding properties, their light weight and their price [6]. Their surface can be rendered hydrophilic through plasma treatment, for example, but numerous therapeutic formulations are in contact with hydrophobic polymer surfaces, especially during reconstitution and administration processes [START_REF] Le Basle | Physicochemical Stability of Monoclonal Antibodies: A Review[END_REF]. As proteins tend to adsorb preferentially on hydrophobic surfaces, plastics can therefore be problematic. One way to minimize this risk is to include surfactants in the drug product formulation, which also improves protein stability during bioprocessing, drug product manufacturing, transportation, storage, and up to administration to the patient. [START_REF] Khan | Key interactions of surfactants in therapeutic protein formulations: A review[END_REF]. Early material compatibility and stability studies of drug candidates are needed and developing new screening strategies for a rapid assessment of the interaction between proteins and surfaces is in demand.

Surface adsorption Different surface-sensitive techniques, like surface plasmon resonance (SPR), quartz crystal microbalance (QCM), BioLayer Interferometry (BLI) or ellipsometry are commonly used to characterize ensemble-averaged molecular surface interactions. They allow rapid real-time measurement of adsorption and desorption events with good sensitivity and without protein labelling [START_REF] Migliorini | Practical guide to characterize biomolecule adsorption on solid surfaces (Review)[END_REF]. These techniques are widely used for the investigation of specific molecular binding interactions between a surface-bound ligand and an analyte that is supplied free in solution above the surface. In this mode, interaction rate constants can be determined and specific binding affinities between ligand and analyte can be derived [START_REF] Scarano | Surface plasmon resonance imaging for affinity-based biosensors[END_REF]. When measuring binding events to a bare surface, however, the number of binding sites for the analyte is unknown and can be very high, thus inducing a fluidic regime characterized by a depletion layer above the surface [START_REF] Gervais | Mass transport and surface reactions in microfluidic systems[END_REF]. In these conditions, the apparent association rate between a molecule and a surface is underestimated because it is restricted by mass transport to the surface. It is therefore technically challenging to measure molecular surface adsorption rate constants accurately and to our best knowledge these parameters remain unknown for mAbs and surfactants. In the present study, we have used surface plasmon resonance in the imaging mode (SPRi) and present an optimized method that allows to minimize mass transport limitation and estimate the apparent adsorption rate constants of molecules with a bare hydrophobic surface. Together with molecular diffusion rates, characteristic flow regimes and material properties they govern the surface adsorption potential of therapeutic formulation components. Applied to mAbs, surfactants and other molecules, in combination with selected surface chemistries, this SPRi based method has the potential to become a valuable tool to characterize non-specific surface binding potential and thus to be used as a screening tool for drug-material compatibility studies.

Experimental

Proteins and Chemicals

Monoclonal antibodies A, B and C

Monoclonal antibody A (mAbA) is a full IgG of subclass 1, provided by Sanofi (Paris, France) at 30 g.L -1 in a formulation at pH6.0 containing histidine and sucrose; mAbA is positively charged at pH6.0. mAbB is a bispecific antibody fragment construct derived from a subclass 1 IgG provided by Sanofi (Paris, France) at 0.7 g.L -1 in a formulation at pH6.0 containing histidine, glycine and sucrose; mAbB is positively charged at pH6.0. mAbC is a full IgG of subclass 4, provided by Sanofi (Paris, France) at 3 g.L -1 in a formulation at pH6.1 containing histidine, sucrose and proline; mAbC is also positively charged at pH6.1.

Charge and hydrophobicity characteristics of the three mAbs are presented in Supplementary Figure 1.

The buffers of the respective mAbs are hereafter named Bf 1x. Concentrated mAb aliquots were stored at -20°C and thawed shortly before use. When thawed, mAb solutions were kept at 4°C. They were diluted in their respective Bf 1x to the working concentrations. The addition of different surfactants to the formulations was made by spiking a concentrated solution of the surfactant to reach the desired final concentration. This concentration varied according to the experiment and will be indicated in the results section. The concentrations of mAb aliquots were verified by absorbance at 280 nm using a Nanodrop spectrophotometer assuming an average ε of 203 000 M -1 .cm -1 .

Human Insulin

Human Insulin (HI), (SIGMA Aldrich I2643, recombinant, expressed in yeast, zinc content ≤1% w/w) was prepared in TN buffer (25 mM Tris-HCl, 125 mM NaCl, pH 7.4). The protein was dissolved by lowering the pH to 3.0-3.5 with 1 M HCl, and then readjusting the pH to 7.4 using 1 M NaOH. This pH cycling was repeated three times. A stock solution of 0.5 mg mL -1 was prepared in this way. The HI concentration was determined by UV absorbance at 280 nm using an extinction coefficient of 5530 M -1 cm -1 . The working concentrations of 0.005 and 0.01 g.L -1 were obtained by dilution in TN buffer and the solutions were filtered through a sterile 0.22 μm Millex GV low-protein binding filter. The solution was kept at 4°C.

Bovine Serum Albumin

Bovine Serum Albumin (SIGMA Aldrich A4503) was dissolved in TN buffer (25 mM Tris-HCl, 125 mM NaCl, pH 7.4) at a stock concentration of 0.5 mg mL -1 . The working concentrations of 0.005 and 0.01 g.L -1 were obtained by dilution in TN buffer and the solutions were filtered through a sterile 0.22 μm Millex GV low-protein binding filter. The solution was kept at 4°C.

Surfactants

Polysorbate 80 (PS80) (Seppic Montanox 80ppi, MW = 1310 g.mol -1 ), Polysorbate 20 (PS20) (Seppic Montanox 20ppi, MW = 1227 g.mol -1 ) and Poloxamer 188 (P188) (Merck) were diluted at the indicated concentrations in the respective buffers (Bf1x), described above.

Dynamic light scattering

The absence of protein aggregates was verified for mAb solutions by dynamic light scattering (DLS) on a Malvern Zetasizer Nano instrument. mAbA was measured at 30 g.L -1 , mAbB at 0.7 g.L -1 and mAbC at 3 g.L -1 . The data were acquired using the ZSExplorer size protocol (30 acquisitions, total time 50.4s) and analysed with ZSExplorer software (general purpose model, adaptive correlation mode). From the size distribution by intensity, the hydrodynamic diameter was deduced based on the Stokes-Einstein equation and was 10 nm as expected for mAbA, mAbB and mAbC with low polydispersity index values (< 0.13).

Surface functionalization

The sensor surface of gold-coated prisms (Horiba SPRi Biochips) was functionalized according to a protocol described by Nault [START_REF] Nault | Human insulin adsorption kinetics, conformational changes and amyloidal aggregate formation on hydrophobic surfaces[END_REF] to obtain a hydrophilic surface, coated with polyethylene glycol thiol (SH-PEG(8), Iris Biotech) diluted in water or a hydrophobic surface, coated with hexadecane thiol (SH-C16, Sigma-Aldrich), diluted in toluene. The prism surface is either uniformly functionalized or a localized, dual surface functionalization is made. This consists in creating a hydrophilic part upstream and downstream of a central hydrophobic part within the study window on the prism. For this, the prism was functionalized in two steps: first the SH-PEG solution was applied on the selected area of the prism and spread by application of cover slips to the targeted areas to be rendered hydrophilic. After this, the glass slides were removed and the SH-C16 solution was applied on the entire prism. The water contact angle was measured (DSA100 Krüss) on both sides and was 36° ± 3° and 103° ± 2° for the hydrophilic and hydrophobic parts, respectively. Further characterization of the surfaces was carried out by X-ray photoelectron spectroscopy (XPS). XPS analyses were carried out using a K-Alpha apparatus from Thermo Fisher Scientific. In a vacuum chamber (UHV 10 -9 mbar), sample surfaces were irradiated with Al Kα radiation (1486.6 eV). The ejected electrons were collected by a hemispherical analyzer at 30 eV constant pass energy. The energy scale was calibrated with the C1s line from the contamination carbon at 285.0 eV. Analyses were carried out at constant angle (90°) between the sample surface and the analyser. As shown in Supplementary Figure 2, the pristine gold surface contains little or no C and O, whereas SH-C16 or SH-PEG(8)-coated surfaces exhibit expected peaks characteristic of CC and CO bonds, respectively.

The uniformity of the surface functionalisation was controlled by measuring with ImageJ the average grey level and standard deviation on five randomly chosen regions of interest on the SPR image obtained when the prism is immersed in buffer. The grey level variation after functionalisation is similar to the one of a bare gold-coated prism (gold: 18000 ± 640 AU, C16-SH: 14000 ± 360 AU (mean ± standard deviation)). After functionalisation, the prism was used on average five times with reproducible adsorption/desorption kinetics.

Surface plasmon resonance imaging (SPRi)

Sensogram acquisition

Reflectivity data were obtained with an SPRi instrument (Horiba Scientific SPRi-Lab+™) using a protocol adapted from Nault [START_REF] Nault | Human insulin adsorption kinetics, conformational changes and amyloidal aggregate formation on hydrophobic surfaces[END_REF]. Buffer, protein and surfactant solutions were prepared at room temperature and degassed under vacuum before they were injected in the SPRi chamber using a syringe pump at the indicated flow rate. The solutions are injected through PolyEther Ether Ketone (PEEK) tubing that does not bind proteins. This was confirmed by obtaining identical experimental results using tubing lengths of 30 cm and 100 cm, respectively. A manual six-way injection valve (Vici Cheminert C22-3186) was installed to allow the sequential injection of various solutions without air bubbles. At the beginning of the experiment, a background image was acquired, which was subtracted from the subsequent ones. The SPRi instrument records reflectivity changes of manually pre-defined spots on the functionalized gold surface (Figure 1). The position of each spot is described by its distance (d) from the upstream limit of the study window in the flow direction (Figure 1) or by its distance from the upstream limit of the hydrophobic part of the prism in the flow direction. SPRi signals, recorded every 3 seconds from each spot, were used to calculate a mean value and standard deviation for each measurement. Sensograms display the mean value of the reflectivity signals as a function of time if not otherwise indicated. For each experimental condition, at least 3 independent experiments were performed, if not otherwise indicated.

Calibration

The baseline was set by the reflectivity signal obtained with the Bf1x, corresponding to each protein. The calibration of the prism surface allows to standardize the signals recorded at each of the selected spots and to align the acquired signals to a baseline. The calibration of the chosen spots was done using a 2x concentrated buffer (Bf2x). The SPRi reflectivity signal, induced by the refractive index change of the Bf2x is used to adjust the response of each spot to a common value. Calibration also allowed to determine the delay between injection and the onset of signals in the flow chamber, which was equal to 1 minute at 100 μL.min -1 .

Surface adsorption and desorption experiments

Before each experiment, the prism surface was rinsed successively with 0.5% SDS, H2O, 70% ethanol and H2O, for 5 minutes each, at a flow rate of 800 μL.min -1 . Then Bf 1x was flown over the prism and a calibration was performed. Protein and surfactant solutions were used at the indicated concentrations in their respective Bf 1x. The indicated flow rate was kept constant during the experiment. Typically, after baseline acquisition with Bf 1x, the protein or surfactant solution was injected (adsorption phase). The slope of the adsorption kinetics is expressed as dR/dt. The contact time with the surface was typically 3-5 minutes until a stable reflectivity signal was reached. For short contact times the solutions were injected during 6 seconds. Then, Bf 1x is injected and the desorption kinetics is recorded until a stable reflectivity signal is reached (desorption phase). The amount of stably surface-adsorbed molecules was then determined by measuring the reflectivity signal relative to the baseline and is expressed as Rmax . A typical sensogram is shown in Supplementary Figure 3.

Refractive indices

The SPRi signal takes into account the refractive indices of both the bulk solution and of the molecular layer in the vicinity of the gold surface. We determined the refractive indices (Ri) of the different solutions using a hand-held refractometer (Anton Paar). The mAbA Bf 1x solution had a Ri = 1.3470 (Ri H20 = 1.3329). This value did not change when mAbA was dissolved in Bf 1x up to 1g.L -1 . For PS solutions at 0.02% w/v in Bf 1x, the Ri remained very similar (1.3473). Thus, the origin of the reflectivity changes displayed in the sensograms can be attributed to the surface-adsorbed layer only, the refractive index of the bulk solutions being unchanged between the buffer and the respective mAb and PS solutions.

Regeneration of the prism surface

The surface of the prism was cleaned by successive rinsing with 0.5 % SDS, H2O and 70% ethanol during 5 minutes at a flow rate of 800 µL.min -1 to desorb adsorbed molecules. The quality of the regenerated surface was assessed by water contact angle measurements, which remained unchanged on both surface chemistries.

Determination of adsorption rate constants

The adsorption of a molecule X on a surface presenting free binding sites is written as: free binding site + Xin solution Xbound

For a reversible adsorption, we have:

⁄ = - equation 1
with {X} the amount of molecules X bound per unit of surface area (moles.m -2 ), [X] the concentration of X in solution (M = moles.L -1 ), {free} the amount of free binding sites for X per unit surface area (moles.m -2 ), kon (M -1 .s -1 ) and koff (s -1 ) the adsorption and desorption rate constants, respectively.

At t=0, all the binding sites for X are available, thus {free} = {X} tot , the total amount of binding sites for X on the surface, and

⁄ = equation 2
On the sensograms, (d{X}/dt)t=0 and {X}tot correspond to the initial slope (dR/dt)t=0 of the adsorption kinetics and to the maximal reflectivity (Rmax) measured at surface saturation, respectively. We can thus deduce kon by measuring the ratio of (dR/dt)t=0 and Rmax for various 

Determination of desorption rate constants

For the desorption rate constants, the desorption kinetics can be divided in three different phases: a rapid desorption, a slow desorption and an irreversible adsorption. We can thus describe the desorption kinetics R(t) with the following empirical equation: R(t) = A1 . "# $$% * + A2 . 

Results and Discussion

Molecular adsorption phenomena at solid surfaces are complex as they involve a multiparametric combination of non-linear processes (adsorption, desorption, structural relaxation upon binding, rearrangements at surface level and others), evolving at different time and length scales [START_REF] Kastantin | A Bottom-Up Approach to Understanding Protein Layer Formation at Solid-Liquid Interfaces[END_REF]. There is no universal technique or model to analyze or fully describe interfacial adsorption phenomena. The material compatibility of potential protein drug candidates is therefore not predictable and it is essential to develop rapid and versatile screening tests in order to assess their adsorption potential on different materials, to develop robust formulations and choose the right materials for manufacturing and administration.

Surface plasmon resonance imaging (SPRi)

SPRi is a surface-sensitive technique that is routinely used to characterize molecular binding events of an analyte, provided by a flow in solution, to a ligand which is covalently attached to the sensor surface. In this configuration, kinetic rate constants of biomolecular interactions between analyte and ligand can be measured when the amount of ligand molecules is limited in order to avoid depletion layers of the analyte in the vicinity of the surface [START_REF] Schuck | The Role of Mass Transport Limitation and Surface Heterogeneity in the Biophysical Characterization of Macromolecular Binding Processes by SPR Biosensing[END_REF]. However, when the number of binding sites is uncontrolled and very high, typically on a bare surface, mass transport limited conditions apply and adsorption rates are underestimated [START_REF] Gervais | Mass transport and surface reactions in microfluidic systems[END_REF]. We have optimized an experimental protocol based on SPRi to limit mass transport conditions and used monoclonal antibodies and surfactants to determine their adsorption rate constants with a bare hydrophobic surface and to characterize their desorption kinetics.

Experimental characterisation of the fluidic regime

mAbA surface adsorption rate depends on the spot position

We have measured the adsorption kinetics of mAbA on a hydrophobic hexadecanefunctionalized surface as a function of the distance, d, from the flow inlet in the study window (Figure 1 inset). The sensograms (Figure 3) show that the adsorption rate of mAbA is fastest for a spot placed close to the entrance of the study window (Figure 1, red curve).

With increasing distance in the flow direction (Figure 1, orange and green curves), the rate of mAbA surface adsorption decreases. We conclude that mAbA adsorption to the hydrophobic surface is such that a depletion layer is rapidly formed at the immediate vicinity of the binding surface, thus decreasing the bulk mAbA concentration rapidly and progressively while it flows over the binding surface.

mAbA surface adsorption rate varies with analyte concentration and flow rate

We further analyzed mAbA surface binding kinetics at different concentrations and for different flow regimes (Figure 2A andB). mAbA was injected at three different concentrations, 0.01, 0.05 and 0.1 g.L -1 , and reflectivity was measured at increasing distances, d, from the inlet (Figure 2A, inset). For a flow rate of 100 µL.min -1 (Figure 2A), the mAbA adsorption rate progressively decreases as a function of increasing distance from the inlet. This is most pronounced for higher mAbA concentrations (mAb 0.1 g.L -1 , triangles on Figure 2A). The same tendency but with an increased amplitude is observed for a flow rate of 400 µL.min -1 (Figure 2B).

These results show that the mAbA adsorption rate varies as a function of initial bulk antibody concentration, flow rate and position within the flow chamber. The rapid mAbA surface adsorption leads to a protein concentration gradient, decreasing horizontally in the direction of the flow and vertically towards the surface. The flow regime can be considered as laminar (Reynolds number 1.4 under constant flow conditions) (Supplementary information). Higher initial mAbA concentrations and flow rates exacerbate this phenomenon demonstrating that the number of binding sites for mAbA on the hydrophobic surface is so high that the diffusion of the protein to the surface is slower than its adsorption rate.

Image analysis of the progressive mAbA adsorption at the hydrophobic surface

In order to analyze mAbA adsorption on the hydrophobic surface with better resolution we took advantage of the fact that mAbA does not adsorb on a hydrophilic surface, functionalized with polyethylene glycol (PEG) (Supplementary Figure 4). We prepared a prism with a dual hydrophilic and hydrophobic surface functionalization (Materials and Methods, Figure 3), such that the hydrophobic part was limited to a section comprised within hydrophilic parts on either side. This allowed restricting the protein adsorption zone to the study window, thus avoiding analyte depletion on the surface upstream in the fluidic chamber where the signal cannot be recorded. mAbA was injected at 0.005 g.L -1 with a flow rate of 100 µL.min -1 and successive reflectivity images were recorded at three time points (2, 4 and 6 minutes after injection), showing the evolution of mAbA adsorption on the hydrophobic part with time (Figure 3). The analysis of the variation of the grey levels as a function of the position within the hydrophobic part of the prism shows a fast and very important protein adsorption at the upstream border of the hydrophobic surface (Figure 3, T1, blue curve). The rest of the hydrophobic surface is progressively covered by proteins and at the end of the injection, mAbA is adsorbed uniformly on the hydrophobic surface. These results document the power of using SPR in the imaging mode which enables a valuable qualitative image analysis of the depletion phenomena during the kinetics of surface adsorption.

Optimized protocol for adsorption rate constant estimation

We optimized the protocol for measuring the adsorption kinetics of mAbA on a bare hydrophobic surface by considering three parameters influencing mass transport limitation and therefore the adsorption rate: the position of the reflectivity measurement on the adsorbing surface, the flow rate of the analyte solution in the flow chamber and the surface area considered for the reflectivity measurement (spot size).

Position of the reflectivity measurement on the hydrophobic surface

As shown in Figure 3, it is important to measure the reflectivity signal on the adsorbing hydrophobic surface as close as possible to its upstream border with the hydrophilic, nonadsorbing surface. This can be achieved with a localized surface functionalization on the prism that allows delimiting the target hydrophobic C16 surface within a non-binding hydrophilic PEG surface. In this way, the depletion of the mAbA bulk concentration can be drastically reduced to allow measuring its adsorption rate with optimized accuracy. We show that for mAbA, human insulin and BSA, almost no adsorption occurs on the hydrophilic PEGsurface (Supplementary Figure 4). For mAbB, however, and to a lower extent for mAbC and surfactants, a slight adsorption on the PEG-functionalized surface is measured (Supplementary Figure 4). Therefore, our protocol is optimal when the analyte concentration in the bulk flow above the target surface remains equal to the initial injection concentration and is not altered by adsorption on an upstream surface in the flow channel. This is best achieved when a fully repellent surface functionalization can be identified and implemented as for mAbA.

Flow rate

In order to determine the best flow rate, the mAbA adsorption rate constant for the hydrophobic surface was measured at different flow rates, close to the hydrophilichydrophobic border (Figure 4A). The results show that, at flow rates below 800 µl.min -1 , the adsorption rate constant is underestimated, while it stabilizes to approximatively 5.10 5 M -1 .s - 1 above this flow rate. Thus, the optimal flow rate to measure the apparent adsorption rate constant of a protein on a hydrophobic surface in our experimental setup is ≥ 800 µL.min -1 .

At these flowrates, the adsorption kinetics becomes independent of the flow rate for the concentrations tested.

Spot size

The number of surface binding sites is defined by the size of the area on which the reflectivity measurement is concentrated (spot size). In fact, the spot diameter, pre-defined by our SPRi instrument, is equal to 500 µm, which corresponds approximately to a 0.2 mm 2 surface. We decreased this surface area and defined spots manually with different diameters (500, 265, 66 and 33 µm) at the hydrophilic-hydrophobic border. On these spots we measured the mAbA adsorption rate at the optimal flow rate of 800 µL.min -1 (Figure 4B). The results show that the apparent adsorption rate constant of a molecule for a bare hydrophobic surface, decreases strongly with increasing surface area, given by the spot diameter (Figure 4B). In order to measure the apparent adsorption rate with the best accuracy achievable experimentally, it is necessary to use a minimal spot size (here 33 µm, low limit for our instrument). Using this spot size in combination with its position at the hydrophilic-hydrophobic border and a flow rate of 800 µL.min -1 , we measured the mAbA apparent adsorption rate constant for the hydrophobic surface to be equal to (14 ± 1) x10 5

M -1 .s -1 (Figure 4B and Table 1).

Ideally one would like to restrict the detection area to the surface occupied by a single bound mAb. We used a power law to fit the data in Figure 4B, and extrapolated it to an estimated surface footprint of a mAb (14 nm side-on binding, 4.5 nm head-on binding [START_REF] Bee | Monoclonal antibody interactions with micro-and nanoparticles: adsorption, aggregation, and accelerated stress studies[END_REF]), neglecting repulsive interactions between bound neighbouring mAbs. This allowed predicting an apparent mAbA kon value for a hexadecane-functionalized surface in the range of 2-3x10 7 M -1 .s -1 . This value is ten times below the fundamental limit for diffusional collisions estimated to 5x10 8 M -1 .s -1 [START_REF] Berg | Physics of chemoreception[END_REF].

Our protocol relies on the control of the molecular depletion layer in the bulk solution which establishes rapidly on a surface presenting a huge number of potential binding sites [START_REF] Gervais | Mass transport and surface reactions in microfluidic systems[END_REF]. We minimized this depletion layer by acting on the flow rate and the number of binding sites to measure adsorption events. More complex experimental setups with particular flow cells have been developed that allow for avoiding mass transport limitations by measuring under stagnation point flow conditions. Using such setups, in combination with ellipsometry or reflectometry, the adsorption rates of BSA on silica, TiO2 and (poly)acrylic acid brushes were measured [START_REF] Mora | Investigating Protein Adsorption via Spectroscopic Ellipsometry[END_REF][START_REF] Mora | Determination of a setup correction function to obtain adsorption kinetic data at stagnation point flow conditions[END_REF][START_REF] De Vos | Adsorption of the protein bovine serum albumin in a planar poly(acrylic acid) brush layer as measured by optical reflectometry[END_REF] without concluding directly on an apparent adsorption rate constant.

Apparent adsorption rate constants for different proteins and surfactants

We used our optimized experimental protocol to determine the apparent adsorption rate constants on a hydrophobic hexadecane surface of different proteins and surfactants. For each protein, the adsorption was analyzed in a concentration range from 0 to 0.01 g.L -1 .

Table 1 shows the obtained apparent adsorption rate constants which are in the order of 10 6

M -1 .s -1 for three different monoclonal antibodies and bovine serum albumin and one order of magnitude lower for human insulin (8.10 4 M -1 .s -1 ). The surfactants were injected in a concentration range of 0 to 0.015 g.L -1 (below their CMC) and apparent adsorption rate constants could be estimated to 5-6.10 3 M -1 .s -1 for polysorbates, and 10 5 M -1 .s -1 for poloxamer 188. It appears thus that the apparent adsorption rate constants of mAbs, with similar mass despite different overall hydrophobicity and charge properties (see Supplementary Figure 1), are three orders of magnitude faster than the ones estimated for polysorbates and one order of magnitude faster than the one for poloxamer 188 for a hydrophobic hexadecane surface. A self-assembled carbohydrate monolayer is used in this study as a model hydrophobic surface, to optimize the developed experimental protocol. It should be noted that, albeit similar hydrophobicity, such model surfaces cannot be considered equivalent to hydrophobic materials, like polypropylene, polyethylene or polystyrene, currently used in devices for the administration of therapeutic formulations.

Further studies using these materials are currently investigated.

We assume that all binding sites for protein (or surfactant) adsorption on the functionalized surface are equivalent and can therefore be described by a single macroscopic rate constant.

However, the measured adsorption could also be an ensemble-averaged combination of different discrete protein-surface interactions [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF], emanating from preferential protein orientations or heterogeneities, inherent to the surface chemistry [START_REF] Wei | Molecular dynamics simulation of lysozyme adsorption/desorption on hydrophobic surfaces[END_REF]. Such individual adsorption rates and their contribution to surface coverage, could only be evidenced separately by a single-molecule approach [START_REF] Kastantin | A Bottom-Up Approach to Understanding Protein Layer Formation at Solid-Liquid Interfaces[END_REF][START_REF] Hedayati | Protein adsorption measurements on low fouling and ultralow fouling surfaces: A critical comparison of surface characterization techniques[END_REF]. Because of this limitation, the apparent association rate constants reported in Table 1 can be compared for different molecules, but these are not absolute values.

The apparent adsorption rate constants of mAbB and mAbC (Table 1) are lower than the one measured for mAbA, albeit in the same order of magnitude. Their small adsorption on the PEG-functionalized surface (Supplementary Figure 4) is likely to cause a depletion of the mAbB and, to a lesser extent, of the mAbC concentrations in the bulk flow, leading to an underestimation of their adsorption rate constants on the hydrophobic surface. This could also be the case for the surfactants which slightly adsorb on the hydrophilic PEG surface, although to a much lesser extent than mAbs B and C (Supplementary Figure 4).

Figure 5 shows a positive correlation between the apparent adsorption rate constants for each molecule and their respective molecular weight. Indeed, high molecular weight species, like mAbs (150 kDa) or BSA (66 kDa) have apparent adsorption rate constants that are one order of magnitude greater (10 6 M -1 .s -1 ) than those measured for insulin (6 kDa) or

Poloxamer 188 (8 kDa) (10 5 M -1 .s -1 ) and more than 2 orders of magnitude greater than those measured for polysorbates (1 kDa) (10 3 M -1 .s -1 ). Although the ensemble of globular proteins used in this study is not representative of more complex, dynamic molecules, it is nevertheless relevant in the context of mAbs and surfactants used in therapeutic formulations.

There are very few comparative examples of measured adsorption rate constants of biomolecules for bare material surfaces in the literature. The adsorption rate constant of a 1.4 kDa peptide (3R-GBP1) onto gold was determined by QCM to be 3.5x10 3 M -1 .s -1 , whereas a fast and a slow adsorption rate constant could be determined for the same peptide on gold by SPR (1.01x10 4 M -1 .s -1 and 5.87x10 2 M -1 .s -1 ) [START_REF] Tamerler | Adsorption kinetics of an engineered gold binding peptide by surface plasmon resonance spectroscopy and a quartz crystal microbalance[END_REF]. A thioredoxin-derived peptide (12 kDa) was shown by surface acoustic wave sensing to bind on a TiO2 surface with an adsorption rate constant of 5.87x10 3 M -1 .s -1 [START_REF] Gronewold | Selection process generating peptide aptamers and analysis of their binding to the TiO2 surface of a surface acoustic wave sensor[END_REF]. A fusion between a surface binding peptide, CAR9 (1.3 kDa), and sfGFP (30 kDa), was shown to have adsorption rate constants in the order of (2-3) x10 4 M -1 .s -1 for silicate by SPR [START_REF] Hellner | Modeling the Cooperative Adsorption of Solid-Binding Proteins on Silica: Molecular Insights from Surface Plasmon Resonance Measurements[END_REF]. Riquelme and colleagues used laser reflectometry to measure the adsorption rate constant of an IgM antibody (900 kDa) on hydrophilic silica and found 1.2x10 4 M -1 .s -1 [START_REF] Riquelme | Kinetic study of antibody adhesion on a silicon wafer by laser reflectometry[END_REF]. Our study highlights the experimental difficulty to accurately measure adsorption rate constants for bare surfaces and it remains therefore difficult to compare our data with the cited studies, performed on different surfaces and with alternative techniques. Despite these limitations and apart from the study by Riquelme [START_REF] Riquelme | Kinetic study of antibody adhesion on a silicon wafer by laser reflectometry[END_REF],

the results in the literature are in broad agreement with our findings.

To rationalize the finding that large molecules such as mAbs would adsorb much faster than small ones such as insulin or detergents, we propose the following reasoning. For surface adsorption to happen (and to be measured), molecules must collide with the surface and then transform the collision into an effective binding event. We measure molecular adsorption events in conditions where their diffusion to the surface is not a limiting factor for their adsorption. Effective surface adsorption depends on the potential of a molecule to present enough surface binding sites that can contribute during collision to stabilize its adsorption. This can be achieved by presenting a high number of binding sites or by a rapid sampling rate of a smaller number of binding sites. The number of potential non-specific surface binding sites, increases, amongst other factors, with the surface area (hence the mass) of the molecule. For smaller molecules this could nevertheless, to some extent, be counterbalanced by the fact that they rotate more rapidly (rotational diffusion) and therefore could partially compensate a smaller number of potential binding sites by an increased sampling rate. It is also possible that cooperative interactions are necessary for efficient adsorption of small molecules and therefore their adsorption rate is slowed down.

For a small molecule, the amount of energy associated to the binding of a single molecule to the surface is low, and therefore one can anticipate that only a complex of several small molecules would be stable on the surface. This is consistent with the increased rapid desorption rate exhibited by polysorbates after low surface coverage (see hereafter).

Desorption rates of surfactants at different surface saturations

The mAbA, B and C desorption kinetics could not be assessed because their adsorption was irreversible on the hydrophobic surface within the time of the experiment. We could however measure the desorption of the surfactants which was characterized by a reversible and an irreversible part (Figure 6 Table 1). The extent of the slow desorption part does not vary significantly with surface coverage for all surfactants tested (Figure 6D). The rapid desorption part, however, is significantly greater for polysorbates at short contact times (28 % for PS80, 19.5% for PS20) than at longer contact times (saturated surface) (9% for PS80 and 9.5% for PS20) (Figure 6D).

For Poloxamer 188, the rapid desorption part is not significantly affected by its surface concentration (29.3 % at 6 s vs 24.3% in saturated conditions).

For polysorbates, the more saturated is the surface, the less polysorbates desorb rapidly, demonstrating an intermolecular contribution to surface desorption. Szymczyk and colleagues showed that the packing of polysorbates at the air-water interface is stronger than that of other nonionic surfactants due to a lack of repulsive interactions between neighboring molecules [START_REF] Szymczyk | Adsorption and Aggregation Properties of Some Polysorbates at Different Temperatures[END_REF]. Likewise, one could assume that, at surface saturation on a hexadecane functionalization, strong packing of polysorbates is achieved, preventing rapid desorption. Our results indicate that P188 has a different behavior on the hexadecane surface and that its desorption kinetics is independent of surface coverage. Polysorbates and Poloxamers differ considerably by the structural organization of their hydrophobic and hydrophilic parts. While the former have extensive hydrophobic tails associated with a hydrophilic headgroup, the latter is composed of two hydrophilic blocks, representing 80% of its molecular weight, sitting on either side of a central hydrophobic block. The hydrophiliclipophilic balance of these surfactants is therefore also very different with 16.7 and 15 for PS20 and PS80, respectively [28] and 27-29 for P188 [28][START_REF] Schmolka | A review of block polymer surfactants[END_REF][START_REF] Alexandridis | Poly(ethylene oxide)/poly(propylene oxide) block copolymer surfactants[END_REF]. Different desorption dynamics with considerably shorter equilibrium times for P188 than for PS20 were also described at a silicone oil interface [START_REF] Grapentin | Protein-Polydimethylsiloxane Particles in Liquid Vial Monoclonal Antibody Formulations Containing Poloxamer 188[END_REF], albeit at timescales (hrs) much longer than the ones of our study.

Conclusions

We have optimized an experimental SPRi-based protocol to determine apparent adsorption rate constants of biomedically relevant molecules on bare surfaces. This protocol is based on the limitation of mass transport conditions, that establish rapidly through molecular depletion in the bulk flow above an adsorbing surface. We show that mAbs have apparent adsorption rate constants for a hexadecane-functionalized hydrophobic surface that are three orders of magnitude faster than the ones measured for commonly used polysorbates. We also show that polysorbate desorption dynamics depends on surface occupancy whereas this is not the case for Poloxamer 188. This work highlights the advantage of using SPR in the imaging mode to assess localized adsorption/desorption dynamics on a surface. Although the measured rates apply to a hexadecane model surface which cannot fully represent complex hydrophobic surfaces, they are a valuable contribution that can, together with diffusion rates, contribute to the evaluation of drug surface compatibility and of the protective potential of surfactants in given conditions. (diamonds), 0.05 g.L -1 (squares) and 0.1 g.L -1 (triangles). The flow rate was 100 µL.min -1 (A) and 400 µL.min -1 (B). Dotted lines represent linear fits to guide the eye. [spot diameter (mm)] -0.354 (black line). Log plot showing the correlation between the apparent adsorption rate constants and the molecular weight of the monomeric molecules in Table 1. Black squares represent the mean apparent kon rate, (Table 1). The dotted black line corresponds to a linear fit to guide the eye. k on mAb

Tables

  reflectivity signals (Rmax) of irreversibly adsorbed mAbs, HI, BSA, PS80, PS20 and Poloxamer 188 on a hydrophobic C16 -functionalized surface were determined experimentally and correspond to Rmax mAbA = 9 ± 1 RU, Rmax mAbB = 22 ± 1 RU, Rmax mAbC = 13 ± 2 RU, Rmax HI = 6 ± 1 RU and Rmax BSA = 5.5 ± 0.5 RU and for the surfactants Rmax PS80 = 4.5 ± 0.2 RU, Rmax PS20 = 4.5 ± 0.2 RU and Rmax Poloxamer 188 = 2.3 ± 0.3 RU, respectively.The initial slope (dR/dt)t=0 was determined by a linear fit to the adsorption phase of the sensograms obtained for the indicated concentrations of the proteins and surfactants. The ratios of the obtained slopes and the respective Rmax values were plotted as a function of protein or surfactant concentration, respectively. A linear fit to these data allowed determining the adsorption rate constants.

  A, B and C). Two conditions, with different contact times of the surfactants with the hydrophobic surface, were tested: a long contact time of 10 minutes, characterized by surface saturation with the surfactant (Figure 6A, B and C, blue curves) and a short contact time of 6 seconds (Figure 6A, B and C, orange curves) resulting in reflectivity values that represented 70 ± 5% of those obtained at surface saturation. The sensograms show that, for both polysorbates, the desorption behavior changes notably with surface contact time, while this is not the case for Poloxamer 188. The desorption of all surfactants could be fitted with equation 4, describing a rapid desorption part, followed by a slow one and ending in an irreversibly bound part (see Experimental and Supplementary
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  Table showing the apparent kon values for different molecules, determined from the adsorption kinetics on a hydrophobic surface for mAbA, B, C, human insulin and BSA in a concentration range of 0-0.01 g.L -1 and for PS80, PS20 and Poloxamer 188 in a concentration range of 0-0.015 g.L -1 for n independent experiments or measured for n* spots in one experiment. A prism with a dual hydrophilic-hydrophobic surface functionalization was used (Figure1B), spots (diameter 33 mm) were placed at the hydrophobic border and the flow rate was 800 µL.min -1 .

  

  

Table 1

 1 The insulin monomer is considered the surface-binding species[START_REF] Nilsson | Adsorption of insulin on solid surfaces in relation to the surface properties of the monomeric and oligomeric forms[END_REF] 

	Molecules	-./ 011 ( x10	5	M -1 .s	-1	) Molecular weight (kDa)
	mAbA	14 ± 1 (n=3)			150
	mAbB	8 ± 1 (n*= 20)		125
	mAbC	10 ± 0.3 (n*= 15)		150
	BSA	9 ± 0.6 (n*= 10)		66.40
	Insulin*	0.8 ± 0.1 (n*= 12)	5.80
	PS80	0.06 ± 0.01 (n=3)		1.31
	PS20	0.05 ± 0.01 (n=3)		1.22
	Poloxamer 188	1 ± 0.1 (n=3)		8.40
	*					

Table 1 :

 1 Apparent adsorption rate constants ( -./ 011
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