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In 2012, Aptar acquired Stelmi to expand their marketing in the injectable devices market. The devices for injection including plungers, stoppers and needle shields that are manufactured by Stelmi was not familiar by Aptar. The molecules for injectable are proteins like insulin which are also different from the molecules that Aptar used to treat such as asthma and allergic rhinitis. As the injectable market is highly competitive, we chose to develop this domain with a scientific way to understand the interactions between proteins and surfaces.

We firstly did some bibliographic studies for understanding background and the compositions of injectable devices (prefilled syringe) and the general knowledge about protein adsorption on solid surfaces.

Prefilled syringes

A prefilled syringe is a medical syringe that comes prefilled with a specific dosage of medication in solution. Because of an increase of demand for more convenient devices, the use of prefilled syringe has grown substantially with multiple advantages:

• It can be easier to carry with little space for storage arising from its small volume of packaging.

• Multiple steps for injection need to be prepared with the standard syringes. The steps can be as complicated as diluting the lyophilized drug products, mixing, waiting for the complete dissolution, pulling the solution back into a disposable syringe and then performing the injection. The prefilled syringes allow a "ready to use" package, which reduces the administration processes and save time [START_REF] Thorpe | Prefillable syringes -trends and growth strategies[END_REF][START_REF] Sacha | Pre-filled syringes: a review of the history, manufacturing and challenges[END_REF] • The little overfilling for the prefilled syringe cartridges allows an accurate dosage of administration. The patients without medical training, can easily realize the self-injection at home. It is also advantageous for expensive drug solutions as it can avoid additional medical waste [START_REF] Eakins | Offering A New Choice In Glass Pre-Fillable Syringes. Prefilled syringes: the container of choice for today's injectables[END_REF][START_REF] Denise | Increasing popularity of prefilled syringes Customers[END_REF] . It also works well for the exact dose control of drugs such as morphine.

• Prefilled syringes are considered to be safer to use owing to the high level of accuracy and less risk of contamination with microorganisms or/and particles during the process of injection.

Although the use of pre-filled syringes is gaining strong acceptance in the market as drug delivery system, they have some drawbacks. The high cost of syringes influences usually their use for low cost and/or low commercial volume medications. The interactions between pre-filled syringes and proteins can induce a decrease of drug efficacy and stability and cause a safety problem. For instance, silicone oil that is used as a lubricant in syringes to improve their processability and/or functionality [START_REF] Sharma | Immunogenicity of therapeutic proteins. Part 2: impact of container closures[END_REF][START_REF] Cromwell | Protein Aggregation and Bioprocessing[END_REF][START_REF] Brewer | Panel discussion: siliconization of parenteral packaging components[END_REF] , can interact with proteins and lead to aggregation [START_REF] Jones | Silicone oil induced aggregation of proteins[END_REF][START_REF] Sun | Protein denaturation induced by cyclic silicone[END_REF][START_REF] Bartzoka | Protein-silicone interactions[END_REF][START_REF] Ludwig | Protein adsorption and excipient effects on kinetic stability of silicone oil emulsions[END_REF][START_REF] Dixit | The effect of Tween(®) 20 on silicone oil-fusion protein interactions[END_REF][START_REF] Thirumangalathu | Silicone Oil-and Agitation-Induced Aggregation of a Monoclonal Antibody in Aqueous Solution[END_REF] , resulting in a loss of protein biological activity and may induce immunogenic effects when injected into the human body [START_REF] Rosenberg | Effects of protein aggregates: an immunologic perspective[END_REF] . Meanwhile, the materials presented in prefilled syringes induce the loss of active structures of proteins that face the same fate as presented by the silicone oil coating [START_REF] Wahlgren | Protein adsorption to solid surfaces[END_REF][START_REF] Chan | Conformational change in fibrinogen desorbed from glass surface[END_REF][START_REF] Vroman | Interactions among human blood proteins at interfaces[END_REF][START_REF] Lundström | Simple kinetic models for protein exchange reactions on solid surfaces[END_REF][START_REF] Larsericsdotter | Structure, stability, and orientation of BSA adsorbed to silica[END_REF][START_REF] Wertz | Adsorption and Reorientation Kinetics of Lysozyme on Hydrophobic Surfaces[END_REF][START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF][START_REF] Nakanishi | On the Adsorption of Proteins on Solid Surfaces , a Common but Very Complicated Phenomenon[END_REF] . One of the most important challenge is therefore to overcome the stability issues of pharmaceutical proteins during the storage of prefilled syringes.

Components of prefilled syringes

Syringes (see in Figure 1) are composed of barrel, plunger, needle and tip cap or needle shield and a variety of options exist for each of these components. The materials used for syringe components are summarized in Table 1. 

Components Compositions

Barrel

Glass or plastic

Plunger

Elastomer/plastic

Tip cap Elastomer

Needle

Stainless steel

Lubricant

Silicone oil

Needle shield Elastomer

Table 1. Prefilled syringe components.

Barrels can be made up of borosilicate glass of hydrolytic class I owing to its non-reactive and stable properties during storage. However, it is highly fragile in nature. Plastics materials such as Cyclo olefin polymer (COP) and Cyclo olefin co polymer (COC) are therefore considered to be used instead of glass with their significant advantages: lighter, high break resistance, high heat resistance, low temperature characteristics, solvent resistance, wide range of pH [START_REF] Lahendro | The next generation of prefillable syringes: speciaised plastics lead the way[END_REF][START_REF] Labreche | Nested prefillable syringes, and the associated manufacturing equipment, still remain coat prohibitive for most inexpensive emergency and critical drugs[END_REF] .

The plungers are usually made up of elastomers. There are three major suppliers:

West, Aptar Stelmi and Datwyler (formerly Helvoet). Each company offers a variety of polymeric formulations, film coating and siliconization levels.

Research goals

The major requirement of these devices is the long-term storage of active biomolecule in the container. As proteins are used in the formulation, one major issue is the binding and consequently the denaturation of protein in contact with surfaces (glass and elastomers) leading to a loss of active compound or a loss of biological activity.

For example, one of the most common therapeutic protein that is insulin is observed to be susceptible to lose its native conformation in contact with solid surfaces [START_REF] Lougheed | Insulin aggregation in artificial delivery systems[END_REF][START_REF] Jorgensen | Adsorption of insulin with varying self-association profiles to a solid Teflon surface-influence on protein structure, fibrillation tendency and thermal stability[END_REF][START_REF] Petty | Insulin adsorption by glass infusion bottles, polyvinylchloride infusion containers, and intravenous tubing[END_REF][START_REF] Nilsson | Adsorption of Insulin on Solid Surfaces in Relation to the Surface Properties of the Monomeric and Oligomeric Forms[END_REF] .

The major challenge is thus to understand and prevent the deleterious impact of packaging materials on drugs in solution.

The main goals of this project are therefore:

• to understand the behavior of several model proteins (sorted by specific properties like rigid, flexible, small, large, etc.) in contact with surfaces such as glass, plastics or elastomers. All these surfaces can be in contact with active biological compounds in prefilled syringe containers.

• to determine critical parameters to qualify the surface of components in medical devices.

• to propose surface and/or formulation modifications to improve the long term stability.

Protein adsorption on solid surfaces 1.2.1. Proteins

Proteins are the most versatile macromolecules in living systems and act an important role in biological processes. Proteins are involved in biochemical reactions. They function as transport and store for biological essential substances such as oxygen, metal ions, glucose and other molecules. They also provide structural support, generate movement, perform immune protection, transmit sensory information, and control growth and differentiation. Actually, proteins are the "building blocks" of life.

Amino acids

Proteins start out life as a bunch of amino acids linked together in a head-to-tail fashion -the primary structure. Amino acids are organic molecules which consist of at least an amino group, a carboxyl group and a side chain (R) substituent on the same carbon atom (C α ) (see Figure 2). The variation between different amino acids lies in the nature of their functional groups -R group. 20 kinds of R groups with different properties can be commonly found in proteins, such as alcohols, thiols, thioethers, carboxylic acids, carboxamides, and a variety of basic groups. Virtually, with the exception of the two α-imino acids proline and hydroxyproline (see Figure 3), all proteins are composed of the 20 "standard" amino acids that are called α-amino acids connected by peptide bonds. Each amino acid possesses both acid and basic properties, on account of the ionization of both amino group and carboxyl group in the physiological pH range. 

Protein structures

There are four levels for protein structure (see Figure 4). An amino acid sequence of a polypeptide chain is known as the primary structure which can determine the feature of proteins. Each amino acid unit in a polypeptide is called residue. Proteins contain commonly from 50 to 4000 residues, corresponding to molecular mass from 5 to 200 kDa. The properties of proteins are largely determined by their three-dimensional structures. The secondary structure refers to the local spatial arrangement of amino acids in a polypeptide chain, stabilized by intra-chain hydrogen bonds between the amide hydrogen of one peptide bond and the oxygen of a carbonyl group of another.

Polypeptide chains can fold into regular structures such as α-helix, β-sheet, and turns and loops. The tertiary structure is the overall shape of the polypeptide chain. The so-called globular proteins are formed by the internal folding of the polypeptide chain.

By contrast, the fibrous proteins such as collagens are linear polypeptide chains which are associated with each other to form strands and sheets. Many globular proteins have a higher structure level called quaternary structure which is the oligomerization of independent protein subunits to produce a functional molecule (see Figure 4).

However, a variety of materials such as rubber, glass and metal can trigger instability in prefilled syringes, as well as issues with silicon oil [START_REF] Jones | Silicone oil induced aggregation of proteins[END_REF][START_REF] Dixit | The effect of Tween(®) 20 on silicone oil-fusion protein interactions[END_REF][START_REF] Thirumangalathu | Silicone Oil-and Agitation-Induced Aggregation of a Monoclonal Antibody in Aqueous Solution[END_REF][START_REF] Chen | Silicone elastomers for reduced protein adsorption[END_REF][START_REF] Chantelau | Pollution od insulin with silicone oil, a hazard of disposable plastic syringes[END_REF][START_REF] Sacha | Practical fundamentals of glass, rubber, and plastic sterile packaging systems[END_REF][START_REF] Basu | IgG1 aggregation and particle formation induced by silicone-water interfaces on siliconized borosilicate glass beads: A model for siliconized primary containers[END_REF][START_REF] Mizutani | Adsorption of proteins on silicone-coated glass surfaces[END_REF][START_REF] Qi | Kinetics of competitive adsorption of β-casein and methylene blue on hydrophilic glass[END_REF][START_REF] Gruian | FTIR and XPS studies of protein adsorption onto functionalized bioactive glass[END_REF] . The protein instability is due to the surface adsorption, denaturation and aggregation. The surface adsorption can reduce the dosage of proteins resulting in a reduced efficiency of drugs.

Denaturation and aggregation denote the loss of three-dimension structure of protein in native state. It involves changes in proteins biological functions.

Interactions

In order to better understand protein adsorption/desorption, it is necessary to consider protein/surface, protein/protein, and protein/water interactions.

Protein absorption on the solid surface is the result of various interactions such as hydrophobic interactions, electrostatic interactions and van der Waals forces.

Hydrophobic interactions

The nonpolar substances assemble spontaneously in aqueous solution and exclude water molecules. From a thermodynamic side, it is the result of entropy gain. In aqueous solution, proteins keep their hydrophilic patches outside, e.g. towards water molecules and hide the hydrophobic patches in their interior. While proteins are in contact with hydrophobic surface, the well-oriented water molecules at the proximity of the surface become disordered and released, and then trigger the exposition of the surface to the proteins. As a result, the hydrophobic residues turn themselves out to interact with the solid surface [START_REF] Norde | Proteins at Interfaces II[END_REF] .

Electrostatic interactions

The electrostatic interaction denotes that two charges create a repulsive interaction when they have the same sign. If the charges are opposite, the force between them is attractive. Actually, the solid substrates and proteins are composed of multiple charges in aqueous solution, surrounded with counter ions.

Van der Waals forces

Van der Waals forces include attractive and repulsive forces between atoms, molecules and surfaces. They differ from covalent, ionic and hydrogen bonding in that they are caused by correlations in the fluctuating polarizations of nearby particles.

They are divided in three parts: force between two permanent dipoles (Keesom force), force between a permanent dipole and a corresponding induced dipole (Debye force), and force between two instantaneously induced dipoles (London dispersion force).

Protein -protein interaction

The proteins not only interact with the sorbent surface, but also interact with one another. At pH above or below their isoelectric point (pI), proteins are globally charged (either positively or negatively). Two proteins in solution will then undergo repulsive interactions. Therefore, they have repulsive interactions. While the pH in solution is adjusted to pI, the global charge of proteins is neutral and they are prone to aggregate, which accounts for the increase of adsorption of proteins [START_REF] Bremer | Electrostatic interactions between immunoglobulin (IgG) molecules and a charged sorbent. Colloids Surfaces A Physicochem[END_REF] . At the silica-water interface, BSA was found adsorbed five-fold more at pH= pI (4), compared to pH=3 [START_REF] Su | Effect of pH on the Adsorption of Bovine Serum Albumin at the Silica/Water Interface Studied by Neutron Reflection[END_REF] . Inter protein repulsions can also be screened by the chargeshielding actions of dissolved ions. Bremer et al. reported that the screening of lateral repulsion between immunoglobulin G (IgG) by increasing ionic strength caused a higher adsorbed amount [START_REF] Bremer | Electrostatic interactions between immunoglobulin (IgG) molecules and a charged sorbent. Colloids Surfaces A Physicochem[END_REF] .

Thermodynamics

Surface-induced protein instability begins with the adsorption of proteins onto surface.

Various surfaces can cause surface adsorption such as glass, plastic and elastomer.

For instance, insulin loses 52% activity after contacting with glass surface for 5 min [START_REF] Petty | Insulin adsorption by glass infusion bottles, polyvinlchloride infusion containers, and intravenous tubing[END_REF] .

The surface adsorption contains all physicochemical events including hydrophobic interaction, electrostatic interaction, hydrogen binding, etc. Thermodynamically, protein adsorption is induced by an increase of entropy. In order to accumulate on the surface, protein must displace interphase water. The released disordered water increases the entropy of system which provides the energy for adsorption. A general rule for an interaction is associated with the change of Gibbs energy, of which the equation is shown below.

∆G = ∆H -T∆S

Where ∆G represents the change of Gibbs free energy, ∆H, T and ∆S represent enthalpy change, absolute temperature and entropy change respectively. For a spontaneous interaction, the free energy change in the system must be negative.

Figure 5 shows the typical process of protein adsorption which is divided into four steps [START_REF] Wahlgren | Protein adsorption to solid surfaces[END_REF] :

Figure 5. Mechanism of protein adsorption [START_REF] Norde | Proteins at Interfaces II[END_REF] .

Step 1: transport to the surface

The protein migrates to the surface from bulk phase by diffusion and convection. The adsorption competition between different proteins in solution is quite complicated.

Basically the protein diffusing rate relies on its diffusion constant in solution, which, according to the Stokes-Einstein-Sutherland equation (shown below), depends on its molecular mass.

=

Where D and MW equal diffusion constant and molecular mass of protein respectively; i and j represent different proteins. Vroman Effect implicates that the proteins with highest mobility generally arrive first and are later replaced by less motile proteins but with a higher surface affinity.

Step 2: Adsorption of protein onto surface

Generally, when a protein solution is in contact with the surface, the adsorption takes place almost instantaneously. It is driven by the decrease of Gibbs energy in the system arising from the release of surface ordered water and salt ions and from structure rearrangement in the protein molecule. The adsorption behavior of a protein refers to the stability of its native structure [START_REF] Arai | The behavior of some model proteins at solid-liquid interfaces 1. Adsorption from single protein solutions[END_REF] . Behaving like a "hard" particle, a protein with high stability, such as lysozyme and ribonuclease A (RNase), adsorbs on an interface via hydrophobic and electrostatic effects. The "soft" proteins, such as myoglobin and α-lactalbumin (α-LA), possessing a relatively low structure stability, have extra conformational entropy gains related to structural rearrangements in the molecule.

Step 3: Further structure rearrangement

The changes of protein conformation are evident over time. Especially while contacting with the hydrophobic surface, protein's secondary structure and tertiary structure often change. Lenk et al. observed the time-dependent conformational changes of bovine serum albumin (globular protein) adsorbed onto germanium [START_REF] Lenk | IR spectral changes of bovine serum albumin upon surface adsorption[END_REF] , while no changes was obtained by Morrissey and Stromberg for fibrinogen (fibrous protein) adsorbed onto silica surfaces [START_REF] Arai | The behavior of some model proteins at solid-liquid interfaces 1. Adsorption from single protein solutions[END_REF] .

Step 4: Desorption of adsorbed protein

Protein adsorption on solid surfaces is generally irreversible, especially on hydrophobic surfaces. Sometimes, reversible adsorption can be found on hydrophilic surfaces [START_REF] Chan | Conformational change in fibrinogen desorbed from glass surface[END_REF][START_REF] Brash | Dependence of albumin-fibrinogen simple and competitive adsorption on surface properties of biomaterials[END_REF] . Chen and Brash discovered that the fibrinogen desorption from the surface of borosilicate glass did take place with respect to tris-buffered saline concentration, as well as protein exchange [START_REF] Brash | Dependence of albumin-fibrinogen simple and competitive adsorption on surface properties of biomaterials[END_REF] .

Protein adsorption kinetic models

As protein adsorbed on many surfaces, some authors have tried to characterize kinetics of adsorption.

Based on experimental data for decades, [START_REF] Mcguire | Structural Stability Effects on the Adsorption and Dodecyltrimethylammonium Bromide-Mediated Elutability of Bacteriophage T4 Lysozyme at Silica Surfaces[END_REF][START_REF] Deitcher | Changes in solvent exposure reveal the kinetics and equilibria of adsorbed protein unfolding in hydrophobic interaction chromatography[END_REF][START_REF] Bouhekka | In situ ATR-IR spectroscopy study of adsorbed protein: Visible light denaturation of bovine serum albumin on TiO2[END_REF] .

The molecules in the second state exhibit greater resistance to elution and occupy a greater interfacial area than molecules adsorbed in first state. Krisdhasima et al. established a mathematic model, which related to the followed equation [START_REF] Krisdhasima | Surface hydrophobic influences on β-lactoglobulin adsorption kinetics[END_REF] :

= 1 ---( + )
Where θ 1 is the surface coverage of removable protein (reversible), and θ 2 is surface coverage that is nonremovable (irreversible), t is the adsorption time, k 1 or k -1 is the rate of adsorption or rate of desorption respectively, s 1 the rate constant governing transition from the removable to the nonremovable state, and C is the concentration in solution.

This equation was used for β-lactoglobulin adsorption kinetics on silanized silicon surfaces with varying hydrophobicity determined by elliposometry. And this model described the data well in all cases.

There are still some assumptions for this model:



The reversible molecules must be formed on the surface earlier than the irreversible generation.

 s 1 is much smaller than the adsorption rate constant.



The interfacial molecule area is considered to be constant.

An extended dynamic model was developed by Szöllősi et al., representing indefinite consecutive transitions of adsorbed proteins [START_REF] Szöllosi | Reversible mesoscopic model of protein adsorption: From equilibrium to dynamics[END_REF] (see in Figure 6C). This model helps to understand and to predict the long-term effects, as well as the existence of multiple protein conformations on the surface.

An interesting kinetic model called "Rollover Model" was presented by Wertz and Santore [START_REF] Wertz | Adsorption and reorientation kinetics of lysozyme on hydrophobic surfaces[END_REF] , based on the experiment of lysozyme adsorption on a C16 self-assembled monolayer (SAM). Total internal reflectance fluorescence(TIRF) was used to measure kinetic adsorption and relaxation traces. As shown in Figure 6D, lysozyme molecules (protein with high conformational stability) are initially adsorbed weakly on the surface in "end-on" orientation. The surface can reach saturation quickly due to its initial high adsorption rate constant. In a long-term adsorption, however, the molecules change their orientation to "side-on" due to their higher surface affinity. As lysozyme molecules with side-on orientation occupy 1.5 times more space than with end-on orientation, molecules with weakly bonds are easily released in solution, which accounts for an "overshoot" phenomenon on adsorption curve (see in Figure 8).

The simplified mathematic equation is shown below:

= - + -( - ) = ( - )
Where , are the fraction surface coverages ("end-on" and "side-on"); is a multiplicative factor, 1.5, which derives from the ratio of the areas for the two protein orientations; α E and α S are the dimensionless equilibrium constants for end-on and side-on species adsorbing from the bulk solution; β E and β S are the inverse Damkohler numbers and represent the ratios of the mass transfer rates to the surface reaction rates;

η is a dimensionless rollover rate resulting from the normalization by the flux of protein to the interface at the transport-limited rate; the dimensionless time. This equation was solved with the equation of conservation of surface area. The adsorption of lysozyme on the hydrophobic surface was proved to be well described with this model.

Parameters influencing protein adsorption

As seen previously, proteins adsorptions are affected by intrinsic characteristics of protein and substrates, but can also be affected by external factors.

Influence of external factors

Several external parameters have been studied like temperature, pH, ionic strength and buffer composition.

The protein adsorption might be accelerated by elevating the temperature accounting for the increase of water molecule diffusion [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF] . The high temperature can also cause the denaturation and aggregation of proteins resulting in the increase of the adsorbed protein amount. By exposing hydrophobic residue, proteins containing cysteine residues such as lactalbumin, BSA and ovalbumin form disulfide linkage at high temperature (see Figure 9) [START_REF] Nakanishi | On the Adsorption of Proteins on Solid Surfaces , a Common but Very Complicated Phenomenon[END_REF] Another decisive parameter is pH that triggers the electrostatic interactions. Proteins have variety of pK's due to their numerous ionizable groups. Both charges of proteins and surfaces influence the adsorption behavior. When the pH equals the pI, the amount of protein adsorption on the surface reaches generally the maximum because electrostatic repulsion are reduced [START_REF] Bremer | Electrostatic interactions between immunoglobulin (IgG) molecules and a charged sorbent. Colloids Surfaces A Physicochem[END_REF][START_REF] Su | Effect of pH on the Adsorption of Bovine Serum Albumin at the Silica/Water Interface Studied by Neutron Reflection[END_REF][START_REF] Norde | Protein adsorption at solid-liquid interfaces: Reversibility and conformation aspects[END_REF][START_REF] Quiquampoix | A 31P NMR Study of the Adsorption of Bovine Serum Albumin on Montmorillonite Using Phosphate and the Paramagnetic Cation Mn2+: Modification of Conformation with pH[END_REF][START_REF] Hu | Adsorption of BSA onto sulfonated microspheres[END_REF] . Hӧӧk et al. denote that at low ionic strength, the maximum adsorbed amount of hemoglobin on a hydrophobic surface (self-assembled methyl-terminated thiol mono-layer on a gold surface) was obtained at pH=pI [START_REF] Höök | Structural changes in hemoglobin during adsorption to solid surfaces: effects of pH, ionic strength, and ligand binding[END_REF] . Nevertheless, experiments from Norde demonstrate that the adsorption changes with pH not always follow this rule [START_REF] Norde | Ion participation in protein adsorption at solid surfaces[END_REF] . It was shown that the maximum adsorption of human plasma albumin (HPA) on positively charged polystyrene (PS+)

and hematite (Fe 2 O 3 ) are located away from the HPA isoelectric point. The pI is therefore not the only decisive factor for the adsorption. Surface charge and protein rearrangements should also be considered.

The third parameter is the ionic strength related to the dissolved salt concentration. At high ionic concentration, the electrostatic interactions between substances are screened. This means that repulsive forces between proteins or protein/surface are attenuated, which makes the close packing thermodynamically favorable. As a consequence, the protein adsorption on the surface is enhanced. It was mentioned by

Mathes et al. that the adsorption of IgG on glass surface has been hampered at high salt concentration at pH 4 [START_REF] Burke | The adsorption of proteins to pharmaceutical container surfaces[END_REF] . Moreover, the presence of salt affects protein's solubility and stability, based on the concept "Hofmeister series" [START_REF] Kunz | Zur Lehre von der Wirkung der Salze' (about the science of the effect of salts): Franz Hofmeister's historical papers[END_REF] . This "salting out" effect is due to water adsorption by salt ions [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF] . The ions are classified as kosmotropes (e.g.

, , and ) and chaotropes (e.g. , and ), depending on their ability to stabilize or destabilize the native conformation of proteins which has an impact on their adsorption behavior [START_REF] Tadeo | Protein stabilization and the Hofmeister effect: the role of hydrophobic solvation[END_REF] .

Influence of protein properties

In regard to the protein properties, the adsorbed amount may be affected by its size, charge, amino acid composition, steric conformation and structural stability (hard or soft) of the protein. For instance, the proteins with high internal stability like lysozyme, α-chymotrypsin, ribonuclease and β-lactoglobulin are referred to as "hard" proteins, suggesting little structural alterations [START_REF] Baron | Chymotrypsin Adsorption on Montmorillonite: Enzymatic Activity and Kinetic FTIR Structural Analysis[END_REF][START_REF] Wahlgren | The Adsorption of Lysozyme to Hydrophilic Silicon Oxide Surfaces: Comparison between Experimental Data and Models for Adsorption Kinetics[END_REF] on hydrophilic surfaces [START_REF] Norde | My voyage of discovery to proteins in flatland ...and beyond[END_REF][START_REF] Norde | Driving forces for protein adsorption at solid surfaces[END_REF] . For instance, the adsorption of lysozyme on mica does not induce any significant conformational changes, while it undergoes a concentration-dependent reorientation adsorption [START_REF] Blomberg | Interaction between Adsorbed Layers of Lysozyme Studied with the Surface Force Technique[END_REF] .

On the other hand, proteins with a low internal stability, the so-called "soft" proteins such as bovine serum albumin (BSA), human serum albumin (HSA), immunoglobulin (IgG), α-lactoalbumin, β-casein and hemoglobin are usually susceptible to adsorb to all surfaces, undergoing conformation changes which can increase the system entropy [START_REF] Vogler | Protein adsorption in three dimensions[END_REF] .

In the competition occurring during adsorption of protein mixtures, the small proteins with high mobility often adsorb firstly on the surface, while the large proteins with low mobility but high surface affinity can replace the small one during the course of adsorption [START_REF] Hirsh | The Vroman effect: Competitive protein exchange with dynamic multilayer protein aggregates[END_REF][START_REF] Vogler | Protein adsorption in three dimensions[END_REF][START_REF] Noh | Volumetric interpretation of protein adsorption: competition from mixtures and the Vroman effect[END_REF] .

Influence of surface properties

Surface properties include surface hydrophilicity/hydrophobicity, surface charge, surface composition and morphology.

Effect of surface hydrophilicity

It is frequently reported that hydrophobic surfaces adsorb more protein than the hydrophilic ones [START_REF] Krisdhasima | Surface hydrophobic influences on β-lactoglobulin adsorption kinetics[END_REF][START_REF] Norde | Adsorption, desorption and re-adsorption of proteins on solid surfaces[END_REF][START_REF] Krisdhasima | Adsorption Kinetics and Elutability of α-Lactalbumin, β-Casein, β-Lactoglobulin, and Bovine Serum Albumin at Hydrophobic and Hydrophilic Interfaces[END_REF] . The β-lactoglobulin adsorption on hydrophilic and However, the adsorption of α-lactoalbumin on surfaces give different results [START_REF] Van Der Veen | Spreading of proteins and its effect on adsorption and desorption kinetics[END_REF] . In this article, Van der veen et al. focused this study on "footprint" and spreading behavior of adsorbed protein. The footprint is the surface area that a protein occupies on adsorbing. In many cases, the footprint increases with the residence time on the surface; this relaxation process may be called spreading. Protein adsorption on silica surface (silicon wafer with an oxide layer) and on silane surface (silicon wafer treated with dichlorodimethylsilane) was studied by using reflectometer. As shown in Figure 12a, the adsorbed amount on the hydrophilic surface (around 1.7 mg.m -2 ) at a high protein concentration (0.1 g/L) is higher than the saturation adsorption on hydrophobic surface (around 1.0 mg.m -2 ). We conclude that on hydrophilic surface, the spreading rate is much shorter than supply rate so that the time available for spreading is shorter. Hence, adsorbed proteins achieve a smaller footprint on the surface, resulting in a higher adsorbed amount. On the hydrophobic interface, adsorbing protein molecules have sufficient time to spread, i.e., availability of sorbent surface area is not a limiting factor in the spreading process. As the supply rates to the hydrophilic and the hydrophobic surface are the same, it is concluded that spreading occurs faster at the hydrophobic surface. On the contrary, the adsorbed amount is lower on the hydrophilic surface (around 0.4 mg.m -2 ) at low protein concentration (Figure 12b). At low concentration, the high affinity of adsorption at the hydrophobic surface leads to a less unfolded surface conformation of the adsorbed molecules. Thus the spreading is less at a higher protein concentration. It was also mentioned in many examples of protein adsorption [START_REF] Norde | Structure of adsorbed and desorbed proteins[END_REF][START_REF] Kondo | Effects of Adsorption Conditions on Kinetics of Protein Adsorption and Conformational Changes at Ultrafine Silica Particles[END_REF][START_REF] Zoungrana | Structure , Stability , and Activity of Adsorbed Enzymes[END_REF] .

In the absence of silicone oil, minimal protein aggregation was detected at all three pH values (4.5, 6.5 and 7.2). By including 0.25% or less silicone oil in the protein samples, there was little to no increase in the protein optical density under these same conditions (data not shown). At a silicone oil concentration of 0.5%, the OD 360 of ConA at pH 6.2 increased rapidly 0.24 U over the course of the first 100 min (see We can conclude that high concentrations of silicone oil (above 0.5%) were needed to have an effect of aggregation. The changes of optical density indicated the protein aggregation in presence of silicone oil. The degrees of aggregation are both protein and pH dependent. The more hydrophobic proteins, BSA (classified as hydrophobic based on the presence of its apolar binding sites [START_REF] Cardamone | Spectrofluorimetric assessment of the surface hydrophobicity of proteins[END_REF] ) and ConA, had a greater tendency to aggregate than the relatively more hydrophilic ones (lysozyme and RNase A).

Yet, Basu et al. showed another possibility of effect of silicone oil. The interactions of silicone oil and monoclonal antibody (IgG1) were investigated with or without agitation [START_REF] Basu | IgG1 aggregation and particle formation induced by silicone-water interfaces on siliconized borosilicate glass beads: A model for siliconized primary containers[END_REF] . They observed minimal aggregation in presence of siliconized glass beads without agitation, while protein aggregated with agitation. It is noted that silicone oil may have little effect on a relatively stable protein (IgG1), but may accelerate aggregation for a protein that has already turned into less stability induced by other stress such as agitation.

The effect of substrate morphology on the protein adsorption process has also been studied [START_REF] Rechendorff | Enhancement of protein adsorption induced by surface roughness[END_REF][START_REF] Roach | Surface tailoring for controlled protein adsorption: Effect of topography at the nanometer scale and chemistry[END_REF][START_REF] Vertegel | Silica nanoparticle size influences the structure and enzymatic activity of adsorbed lysozyme[END_REF][100] , but no consensus for this research exists so far.

Although proteins present distinct behaviors on various surfaces, we assumed that proteins with typical properties like size, conformational stability or isoelectric point, have some common trends in physical stability on hydrophilic or hydrophobic surface.

Three model proteins with different properties were selected. To simplify the interpretation of protein adsorption behavior, we chose three common used proteins, such as bovine serum albumin, lysozyme and myoglobin. concentration increases. However despite its recognized "hard" structure, a decrease of α-helix structure measured by CD was observed on the surface of the silica particles at low surface coverage by Norde et al. [START_REF] Norde | Structure of adsorbed and desorbed proteins[END_REF] .

In the literature the conformation of lysozyme on hydrophobic surfaces is not clear as well. Indeed, in some papers the adsorbed protein layer does not change its structure onto hydrophobic self-assembled monolayers (SAMs) 106 , while in other papers it loses its native conformation on a hydrophobic surface 107 .

Myoglobin (MGB) is a small heme protein found in muscle cells with a molecular weight of 16,900 and having molecular dimensions of 4.5 nm x 3.5 nm x 2.5 nm. It has the same conformational stability with BSA, while the similar size with LSZ.

Four model proteins such as lysozyme (LSZ), myoglobin (MGB), ribonuclease (RNase) and α-lactalbumin (α-LA) with similar sizes were chosen for the study of adsorption from single protein solution by Arai and Norde [START_REF] Arai | The behavior of some model proteins at solid-liquid interfaces 1. Adsorption from single protein solutions[END_REF] . The hydrophobic surfaces polystyrene (PS) latices were prepared without using an emulsifier, according to the methods described by Goodwin et al. 108,109 . As judged from In our research, the bicinchoninic acid assay (mBCA) and the high performance liquid chromatography (HPLC) as well used as the depletion method were used for the protein quantification. The depletion method describes the determination of the difference of concentration by measuring samples before and after adsorption. As a widely used method for protein determination [116][117][118][119][120] , the mBCA protein assay uses detergent-compatible reagents for the colorimetric detection and quantification of total protein. In principle, the decrease of absorbance of the purple complex detected at 562 nm by UV-vis spectroscopy in the solution is a measure of the protein amount in solution 121 . Compared to the UV detection at 280 nm, mBCA method is more precise and sensible, which is required by the adsorption measurement onto the glass surface. However, the detection range is narrow (from 0.5 to 20µg/mL), which limits the quantification of the solution in a low concentration.

Over the last 20 years, as a straightforward and convenient approach HPLC has become a central technique for the characterization of peptides and proteins [122][123][124][125][126][127][128] .

There are several methods that can be chosen: size exclusion high performance liquid chromatography (SE-HPLC), phase reversed high performance liquid chromatography (RP-HPLC), ion-exchange high performance liquid chromatography (IE-HPLC) and affinity high performance liquid chromatography. Amount these methods, SE-HPLC 124,[129][130][131][132][133] and RP-HPLC 128,[134][135][136][137] are preferred and widely used, owing to a number of advantages including wide range detection, good reproducibility, high recoveries, excellent resolution and sensibility.

Size exclusion chromatographic columns are prepared with wide-pore, small-diameter densely packed silica particles 138 . Large molecules are excluded from pores and therefore have the shortest path through the column and are eluted earlier. The small molecules permeate freely into the pores, which retards their movement through the chromatographic bed (see Figure 18). adsorption, unshaded area after 4 hours adsorption time onto PS latex 140 .

Another advantage of SE-HPLC is that it is also an effective tool for separation of soluble proteins in the presence of detergent 141 . It allows to elute specific proteins which has strong interactions with stationary phase.

By contrast, the reversed-phase high performance liquid chromatography is based on the hydrophobic binding of solute molecule from the mobile phase to the stationary phase. As shown in Figure 20, proteins adsorb on the hydrophobic surface while entering the column and desorb when the organic concentration is modified reaches the critical value 138 . As a simple, specific method, RP-HPLC is also often used for biomolecules separations including proteins, polypeptides and amino acids etc The RP-HPLC was however the most suitable method. We will therefore also compare these methods in our research.

Additional information on the amount of adsorbed protein can be obtained by a direct method. The adsorbed protein is quantified by rinsing protein away from the surface with surfactant solution. Sodium dodecyl sulfate (SDS) has been adopted due to its excellent eluting capability for protein 142 . As an ionic surfactant, the interaction between SDS and protein is not only involved in the hydrophobic effect, but also in the electrostatic force, which results in a strong binding force. The concentration of this detergent solution must be superior to the critical micelle concentration (CMC)

which is around 0.1% to well remove protein 143 . This method has then been combined with the depletion method (mBCA and HPLC) for protein quantification.

Another important issue is the investigation of the structure of adsorbed proteins. The alterations of the secondary structure can be determined by Attenuated total reflection infrared (ATR-IR) spectroscopy [START_REF] Bouhekka | In situ ATR-IR spectroscopy study of adsorbed protein: Visible light denaturation of bovine serum albumin on TiO2[END_REF][144][145][146][147][148][149][150][151] . It is a valuable tool due to its sensibility to the chemical composition and architecture of molecules, as well as other enormous advantages: a large application range from small protein to large membrane protein, a high time resolution, a short measuring time and a low cost 152 . It is also a technique that can be used on multiple substrates from metals to polymers. It relates by a Fourier transformation the detector signal of the spectrometer to obtain the measured spectrum.

And for polypeptide and protein, nine characteristic IR adsorption bands can be obtained, namely, amide A, B and I-VII, attributed to the vibrations of structural repeat units. The most sensitive spectral region to the protein secondary structural elements is the amide I band (1700-1600 cm -1 ), which is mainly due to the C=O stretch vibration of the peptide linkage 153,154 . The displacement of the band attributes to the changes of protein structure. However, the obtained amide I band is usually featureless due to the high overlap of broad and close bands of elements, which cannot be resolved by the instrument. Mathematic methods are therefore developed to resolve the individual band component referring to specific secondary structure. The most popular methods are the Fourier self-deconvolution (FSD) 155,156 and second derivative analysis [START_REF] Gruian | FTIR and XPS studies of protein adsorption onto functionalized bioactive glass[END_REF]147,153,155,[157][158][159] The second derivative analysis is based on the generation of 2 nd order derivative band files, which is carried out in the frequency domain of the spectrum. Most of the peak positions were easily found in the second derivative spectra. In general, the bandwidths of the structural components are in the range of 8-28 cm -1 . In some second derivative spectra, peaks appeared with very small band widths. In these cases, it was assumed, that the peaks with the wavelength smaller than 7 cm -1 originated from noise 160 . Buijs and Norde have described a fitting procedure: (1) The calculated maximum intensities were iterated first because these were the least accurate; (2) The intensities and frequency positions were fixed and the bandwidths were iterated; (3) Then, only the frequency position remained fixed, and all other parameters were iterated; (4) Finally, all variables were iterated.

The basic elements and principle of ATR is described as following. An interferometer, that contains a beam splitter, as well as a fixed and movable mirror, is the core of the FTIR spectrometer 152 . As shown in Figure 21, a sample is placed on a crystal with an index of refraction typically higher than 2. An IR beam is directed through the internal reflection element (IRE) at such an angle of incidence that it could be totally reflected internally, which impairs an evanescent field extending in the sample. The sample must have a lower index of refraction than the crystal so that the total internal reflection can be achieved 152 . Upon reflection at the IRE/sample interface, the IR light penetrates into the sample to a small degree and IR data from the sample are obtained. The electromagnetic wave that penetrates into the sample is called an evanescent wave. Where is the wavelength of the radiation, represents crystal reflection index and is refraction index ratio between sample and crystal, and θ is incident angle.

is defined as the distance between the sample surface and the position where the intensity of the penetrating evanescent wave dies off to (1/e) 2 or 13.5%, or its amplitude has decayed to 1/e.

For the protein aggregation determination, a florescence dye called thioflavin-T which can bind to β-sheet structure is used [161][162][163] . Thioflavin T is a benzothiazole dye which is widely used to visualize and quantify the presence of misfolded protein aggregates called amyloid, both in vitro and in vivo. The structure of thioflavin T, shown in Figure 22A, has a hydrophobic end with a dimethylamino group attached to a phenyl group, linked to a more polar benzothiazole group containing the polar N and S.

Kelényi demonstrated that this combination of polar and hydrophobic regions creates the possibility for thioflavin T molecules to form micelles in aqueous solution, with hydrophobic interiors and the positively charged N pointing toward the solvent. There are suggestions that the thiazole nitrogen of the dye and hydroxyl groups of tissue structures form hydrogen bonds to give rise to specific binding of these dye molecules to amyloid and other tissue structures 164 . It was also shown by Krebs et al. that thioflavin T binds to amyloid fibrils with parallel long axes (see in Figure 22C) and proposed that binding occurs in "channels" that run along the length of the β-sheet (see in Figure 22B) 165 . The method is usually used for protein solution with fluorescence spectroscopy measurement 166-169 at excitation wavelength of 405 nm -1 .

In our research, it is firstly used to determine the aggregation on solid surface using fluorescence microscopy. Adsorbed protein morphologies can be also imaged by means of atomic force microscopy (AFM) [START_REF] Browne | Protein adsorption onto polystyrene surfaces studied by XPS and AFM[END_REF][170][171][172] . Browne et al. observed different topographies and roughness of adsorbed albumin layer on PS and oxidized PS surfaces [START_REF] Browne | Protein adsorption onto polystyrene surfaces studied by XPS and AFM[END_REF] . AFM images of protein adsorbed onto non-polar surfaces from all three starting concentrations are characterized by "peak and ridge" topography. This changes to a "grainy" type structure for albumin adsorbed on oxidized substrates with less adsorbed amount.

Another example is from Lubarsky et al., showing the human serum albumin adsorption on patterned polystyrene surface 172 . The production of chemically patterned oxidized surfaces was achieved by irradiating the polystyrene through a

Chapter 2: Materials and Methods

Although there are numerous studies on the protein adsorption, we did not find a common trend in how proteins behave after adsorption on surfaces. In our research, we studied three model proteins (BSA, LSZ and MGB) after contact with several pharmaceutical materials to understand the effects of several parameters, such as surface hydrophobicity, protein concentration, contact time, sterilization, siliconization on surface coating, on the protein adsorption and to summarize the behavior trends for each protein.

For this purpose, different techniques were employed. We used sensitive methods such as mBCA and HPLC for protein quantification. ATR-FTIR technique was used for structural measure of adsorbed protein on solid surface. Additional information such as protein aggregation on surface and adsorbed protein morphology was also studied by using thioflavin T and AFM. For better understanding of protein/surface interaction, surfaces were analyzed by contact angle technique and XPS.

Chemicals and Products

2.1.

Proteins

Albumin from bovine serum (BSA, Mw ~ 67 000 g/mol) and myoglobin from equine skeletal muscle (MGB, Mw ~17 800 g/mol) were purchased from Sigma life science. Lysozyme (LSZ, 14 600 g/mol) from chicken egg white was obtained from Fluka Analytical. Some properties of the proteins that may be relevant for adsorption behavior are summarized in Table 2 

Petri dishes

Polystyrene petri dishes (92 x 16 mm) from Sarstedt were used for lysozyme enzymatic activity test.

Plastic boxes

Proteins adsorbed on surface for structure determination were prepared in plastic box (60 x 90 x 20 mm) with six wells, provided by Caubère.

Micro BCA™ Protein Assay Kit

Micro BCA™ Protein Assay Kit was provided by Thermo Scientific Pierce.

HPLC Columns

A Zorbax Bio Series GF 250 column with dimensions of 9. Micrococcus lysodeikticus (lyophilized cells) was purchased by Sigma Aldrich.

Thiofavin T (Dye content, 65-75%) was provided by Sigma Aldrich.

Elastomer substrates

Elastomeric substrates were provided by Aptar Stelmi. A large butyl elastomeric sheet (2mm thick) was moulded with a lubricant used to facilitate the process. The samples were then cut (22 mm disks or 9 x 42 mm strips depending on the test to be performed), and immerged in a detergent solution (20% TFD7) with agitation for 30 min. They were then rinsed with tap water (three times) and then with deionized water (three times). The samples were dried under a laminar flow overnight.

Siliconization was performed by placing the samples into a bag containing previously siliconized stoppers. Siliconization was thus performed by contact of the pieces together, while shaking the bag gently.

Coating was performed during preparation of the large sheet of elastomer, by placing a sheet of ethylene tetrafluoroethylene (ETFE) into a mould. The thickness of the film is around 100 µm.

Steam sterilization was performed internally at Aptar Stelmi. The samples were placed into a Tyvek ® bag, which was put in an autoclave for 30 minutes at 121°C. 

Methodologies

Solution preparations

General solution preparations

All protein solutions were prepared in phosphate buffered saline (PBS, pH ~ 7.4) solution at concentration of 137mM sodium chloride, 10mM sodium phosphate and 2.7mM potassium chloride. The PBS solution was prepared by dilution of 1 tablet of PBS with 200mL Milli-Q water.

The sodium dodecyl sulfate (SDS) solution at concentration 0.1% was prepared in PBS solution.

Protein solution preparation for mBCA and size exclusion high performance liquid chromatography (SE-HPLC)

The solutions of bovine serum albumin, lysozyme and myoglobin were prepared at different concentrations (from 0.25 to 40µg/mL) with PBS solution (pH ~ 7.4). We used weighing paper (VWR) for protein weighing. The prepared solution needs to be stored at 4 °C overnight in order to eliminate the bubbles. The solution was then gauged by pipette and agitated manually for well mixing. Protein solutions were used freshly prepared.

The mobile phase for SE-HPLC was PBS solution or PBS with 0.1% SDS.

Solution preparation for reversed phase high performance liquid chromatography (RP-HPLC)

The solutions of bovine serum albumin, lysozyme and myoglobin were prepared at different concentrations (from 5 to 60µg/mL) with PBS solution.

As the elution was based on the change of polarity of mobile phase, two solutions with inversed polarity were needed. Solution A was prepared with 95% (v/v) Milli-Q water, 5% (v/v) acetonitrile (ACN), and 0.1% trifluoroacetic acid (TFA). Solution B was prepared with 95% ACN, 5% Milli-Q water, and 0.1% TFA.

Protein adsorption on substrates 2.2.2.1. Protein adsorption on glass surface

Depletion method

As the concentration range of protein therapeutic solution is large, we chose the concentration of 20 µg/mL for the investigated concentration which is also in the studied range in literature [START_REF] Aptel | Adsorption kinetics of proteins onto solid surfaces in the limit of the interfacial interaction control[END_REF][START_REF] Rabe | A comprehensive study of concepts and phenomena of the nonspecific adsorption of β-Lactoglobulin[END_REF]174,175 .

50 mL protein solution at 200 µg/mL was firstly prepared as a stock solution. 50 mL protein solution at 20 µg/mL was then obtained by diluting 10 times the stock solution with PBS solution.

3 mL protein solution at 20 µg/mL was added in a borosilicate glass vial (Surface of contact = 10.11 cm 2 ), which was then covered with a plastic cap. Protein adsorption was carried out as a function of time at room temperature (around 22 °C) at pH 7.4.

The supernatant after adsorption was analyzed by mBCA and HPLC. Seven time points were determined: 0 min, 5 min, 15 min, 30 min, 60 min, 120 min and 180 min.

The adsorbed quantity was determined by difference between initial concentration (t 0 = 0 min) and concentration at time t.

Direct method

In contrast to the depletion method, a direct method was used by removing protein away from the surface with surfactant solution. Sodium dodecyl sulfate (SDS) was adopted due to its excellent eluting capability for protein 142,176,177 .

According to the instruction, the GF-250 column can sustain high proportion of sodium dodecyl sulfate (SDS) (up to 5%). As the critical micelle concentration (CMC)

of SDS solution is around 0.1% (w/v), we used this concentration for the protein elution 178 .

After adsorption step, the supernatant was removed by pipetting. 3 mL of 0.1% SDS buffer solution was then added into the vial for rinsing with or without ultrasounds.

Every vial was rinsed three times and every rinsing step lasted for 5 min. The supernatant was then analyzed by micro bicinchoninic acid assay (mBCA) 116,119,120,179 .

This method was then compared with the depletion method for protein quantification.

Protein adsorption on PDMS and elastomers

The solutions of bovine serum albumin, lysozyme and myoglobin were prepared at concentration of 20 µg/mL with PBS solution (pH ~ 7.4).

1 mL protein solution at 20 µg/mL was added in a still glass vial. An elastomer disk was then placed as a cap on the top of vial. The vial was sealed by parafilm and reversed to make sure that the elastomer surface was totally covered by the solution.

Protein adsorption was carried out as a function of time at room temperature at pH 7.4.

Nine time points were determined: 0 min, 5 min, 15 min, 30 min, 60 min, 120 min, 180 min, 240 min and 300 min. After adsorption, the supernatant was injected in HPLC for analysis.

Long-term storage study

We then extended the study of the protein adsorption onto various surfaces to long-term storage up to three months

The solutions of bovine serum albumin (BSA), lysozyme (LSZ) and myoglobin (MGB) were prepared at concentration of 20 µg/mL and 1 mg/mL in PBS solution (pH ~ 7.4).

1 mL protein solution at 20 µg/mL was added in a glass vial. An elastomer disk was placed on the top of vial. The vial was sealed by paraffin film and reversed to make sure that the tablet surface was totally covered by protein solution. The samples were stored in a plastic box at ambient temperature (22 °C) for 90 days. The supernatant was removed and injected in HPLC for analysis every 15 days.

Protein solution analysis

UV spectroscopy measurement

As a direct and convenient method, UV technique was firstly used for the protein quantification. It was performed on Lambda 750 UV/Vis spectrometer from Perkin

Elmer. As amino acids with aromatic rings have an absorbance at 280nm, protein content was measured by UV spectroscopy at 280nm. This technique can be used over a concentration range of 20 to 3000 µg/mL 180 .

Micro BCA TM protein Assay Kit

The micro bicinchoninic acid assay (mBCA) was also considered. The principle is as following and illustrated in Figure 24.

In an alkaline environment, proteins reduce Cu 2+ to Cu + . The bicinchoninic acid has then reacts with Cu + to form a chelate 180 . This purple-colored complex can be detected at 562 nm by UV-vis spectroscopy using polystyrene cuvette. The sensitivity of this assay is from 0.5 to 20 µg/mL 121 . The micro BCA assay was provided by Thermo Science.

precision and detection and quantification limits as analytical parameters.

The linearity of this method was evaluated by assessing a regression line of area peak as a function of concentration of protein. At least five protein concentrations have to be determined for the calibration.

The accuracy of the method expresses the closeness of agreement between observed results and the true values. It was evaluated by calculating the percentage of recoveries of nine determinations over three concentration levels.

The precision of the method conveys the proximity between a series of measurements obtained from one sample under certain conditions. It can be recommended to determine the repeatability by relative standard deviation (RSD) and the intermediate precision. The repeatability was determined by measuring three consecutive times in the same sample over three concentration levels. The intermediate precision was assessed by measuring the same sample in three consecutive days.

The detection limit (DL) is the lowest concentration of analyte in a sample which can be detected but not necessarily quantitated under a certain condition.

The quantification limit (QL) can be defined as the lowest concentration of analyte in a sample which can be quantitated as an exact value. These parameters were calculated by using the following equations 182 :

= 3.3 = 10
where σ is the standard deviation of the linear regression and S is the slope of the regression line (protein concentrations ranged from 0.25 to 40µg/mL).

Establishment of kinetic model

A mathematic kinetic model was considered to fit the adsorption curves. At the beginning, the Langmuir adsorption model was assumed, which is the simplest kinetic model, describing the reversible adsorption and desorption of proteins on the surface and software were employed to capture and analyze the contact angle. The volume of the water droplet was 9 µL.

Surface wettability, indicating the spreading ability of a liquid on a solid, in the presence of a fluid environment (generally referred to as hydrophobicity/hydrophilicity), is one of the most important parameters affecting the protein adsorption or denaturation [START_REF] Nilsson | Adsorption of Insulin on Solid Surfaces in Relation to the Surface Properties of the Monomeric and Oligomeric Forms[END_REF][START_REF] Van Der Veen | Spreading of proteins and its effect on adsorption and desorption kinetics[END_REF]101,171 . Contact angle is one of the common ways to measure the wettability of a surface or material. The contact angle is the angle where a liquid/vapor interface meets a solid surface (see Figure 26). where γ stands for surface energy, θ for contact angle and s, l and v indicate the solid, liquid and gas respectively. A drop with a small contact angle is hydrophilic. This condition reflects better wetting, better adhesiveness, and the solid surface free energy is high (Figure 27). 

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique based on the measurement of the kinetic energy of electrons emitted by a sample under X-ray irradiation [START_REF] Browne | Protein adsorption onto polystyrene surfaces studied by XPS and AFM[END_REF]184 .

Upon irradiation with photons (light) of sufficient energy any material emits electrons called photoelectrons. Since the energy levels of electrons of an atom are quantified, the kinetic energy of the photoelectrons emitted upon irradiation with monochromatic light is also quantified. Each atom emits a set of photoelectrons with specific energies (the kinetic energy of the electron is equal to the energy of the photon received minus the energy of the orbital). XPS looks at the core electrons of the elements (because of the high energy of X-rays). The energy of the photoelectrons emitted is therefore primarily defined by the nature of the element (large difference between the peaks of different elements). The chemical environment of the element also influences the position of the peak but the variations are small and often lead to convoluted peaks.

While elemental analysis using XPS is straightforward, the identification of the different environments asks more practice. To summarize, XPS is a quantitative analysis technique that gives information about the composition, chemical state and electronic state of the elements at the surface of a material. 

Protein structural determination

In our research, we used the attenuated total reflection (ATR) technique for the determination of structure of adsorbed proteins.

Preparation of adsorbed BSA on PDMS surface

As we studied the influence of concentration and contact time on the structure of adsorbed protein, we chose four different concentrations such as 0.2 mg/mL (the minimum concentration that IR can detect: we cannot obtain the signal with more diluted solution) and 1 mg/mL, 2 mg/mL and 5 mg/mL. A strip of PDMS (20 x 20 mm) was immersed in 5 mL BSA solution for 1 min and 2 hours. The strip was then immersed in 5 mL PBS solution for 1 min and dried by nitrogen during 1 min. The measurements were then performed on five different locations on the surface of PDMS by ATR-FTIR. The sample contacted with 0.2 mg/mL solution without rinsing step (dried by nitrogen) was also determined by FTIR.

Preparation of adsorbed BSA on elastomer surface

The elastomers (batch 2014.06, d = 22 mm) were immersed in 5 mL of 5 mg/mL protein solutions for 10 min, 2h and 24h. The surfaces were then immerged in PBS solution for 1 min. After two rinses, the disks were dried by nitrogen during 1 min.

The measurements were performed on 5 different locations (see in Figure 29) on the surface with a 400 FTIR Spotlight spectrometer (Perkin Elmer) in the 4000 to 400 cm -1 spectral range with a resolution of 4 cm -1 and 50 scanning by micro-point and 1680 cm -1 (shown in Table 3). Positions are then fixed for all samples with a variation of peak position in the range of +/-2 cm -1 to take variation due to hydrogen bonds into account. The six positions are assigned to five structural components. In the analyzed spectra, two peaks are found in the low frequency:

1622 cm -1 and 1635 cm -1 , which are associated with β-sheet structure. The major component 1635 cm -1 is generally related to the antiparallel β-sheet 160 and the smaller peak of 1622 cm -1 may be ascribed to parallel β-sheet 160 . Meanwhile the component with the frequency near to 1622 cm -1 , which is often characteristic of intermolecular β-sheet, is related to protein strands [185][186][187] . The peak around 1613 cm -1 which is characteristic of side chains of tyrosine and arginine is extremely low and was ignored in this model. In most studies, the adsorption peak around 1645 cm -1 is related to the unordered structure and peak at 1658 cm -1 is assigned to α-helix [START_REF] Dixit | The effect of Tween(®) 20 on silicone oil-fusion protein interactions[END_REF][START_REF] Thirumangalathu | Silicone Oil-and Agitation-Induced Aggregation of a Monoclonal Antibody in Aqueous Solution[END_REF][START_REF] Rosenberg | Effects of protein aggregates: an immunologic perspective[END_REF][START_REF] Labreche | Nested prefillable syringes, and the associated manufacturing equipment, still remain coat prohibitive for most inexpensive emergency and critical drugs[END_REF][START_REF] Jorgensen | Adsorption of insulin with varying self-association profiles to a solid Teflon surface-influence on protein structure, fibrillation tendency and thermal stability[END_REF][START_REF] Chen | Silicone elastomers for reduced protein adsorption[END_REF] . The components located around 1670 cm -1 and 1680 cm -1 are also observed and assigned to β-turn 188 .

 The peaks are forced to be positive to make sure that the negative value will not appear.

 The structural compositions are sometimes hard to distinguish due to their extremely large bandwidth, which could take place a part of fraction of other components. The bandwidth is therefore set in the range of 32 cm -1 , which is in agreement with the general structural bandwidth found in literature 160 .

 The curve fitting of the amide I peak (1600-1700cm -1 ) is then performed by iterative least-squares calculation according to the input parameters using Gaussian components 158,160 .

 Peak areas are then calculated to determine the fraction of each form in the adsorbed protein.

Adsorbed lysozyme enzymatic activity assay

As an enzyme, LSZ can lyse the bacterial cell walls. This enzyme catalyzes the hydrolysis of β-1,4 glycosidic linkages between the alternating units of N-acetylmuramic acid and N-acetylglucosamine in bacterial peptidoglycan 189 . This function is usually used for its activity test in solution. The purpose of our study was to investigate the activity of adsorbed protein on surfaces.

Preparation of bacterial suspension

10 mg of lyophilized Micrococcus lysodeikticus (Ref. Sigma-Aldrich M3770) was suspended in 100 mL of PBS (0.01% w/v). The suspension was then diluted 20 times with PBS solution. The suspension was agitated manually for well mixing before each use. According to the document of Sigma Aldrich, the absorbance at 450 nm of the dilution must be 0.6-0.7 a.u. versus a buffer blank.

Sample preparation

2 x 200 µL LSZ solution at concentration of 5 mg/mL was deposited onto the surfaces of two strips. The strips were then incubated in a plastic culture dish for 3 hours. The supernatant was removed by pipette and quantified by HPLC. The two strips were photobleaching. The solution needs to be agitated manually to well mixing. 1 mL of ThT solution was deposited on the surface. 30 min incubation is necessary to make sure that the ThT binding is on a plateau. The ThT supernatant was collected. 1 mL Milli-Q water was then deposited on the surface for 1 min. After twice rinses, the surface was dried with nitrogen during 1 min. The excitation wavelength (λ ex ) for

ThT linked with protein is around 405 nm and emission wavelength (λ em ) is around 490 nm. This is different from the wavelengths of free ThT (λ ex =350 nm and λ em =438 nm) 161,167,169 . Therefore, the surfaces were analyzed by LSM700-upright confocal fluorescent microscopy (ZEISS) at excitation wavelength of 405 nm with an objective 20x. The images were obtained at emission wavelength of 490 nm with size of 319.5 µm x 319.5 µm.

Adsorbed protein morphological study

Surface preparation

Protein solution at 20 µg/mL was deposited on the surface of glass or PDMS for 2 hours. The surface was rinsed twice with 1mL PBS for 1 min and then dried with compressed air. The dried rinsed sample and non-rinsed sample were analyzed by AFM.

AFM analysis

Protein adsorption on glass and PDMS surface were studied using a Digital Instrument Flex AFM equipped with a NanoScope C3000 controller. The topography of the bare surfaces and adsorbed surfaces are visualized by tapping mode AFM imaging under ambient conditions using standard silicon probes (k~13-77N/m), having a resonant frequency of typically between 200-400 kHz and a tip radius of < 10µm. Average roughness (Rq) was analyzed by WSxM software (version 5.0). Scan size was around 5.0 µm x 5.0 µm.

Chapter 3: Validation of sensitive methods for the quantification of protein adsorption on glass surfaces

As we mentioned before, the glass surface is a major part of the prefilled syringe and has a large contact area with drug solution. In literature, there are numerous studies for protein adsorption on hydrophilic and hydrophobic surfaces. As a model of hydrophilic surface, glass was chosen for a basic understanding of protein adsorption.

As the adsorbed amount of protein on glass surface is generally low, it is a good choice to assess if a quantification technique is sufficiently sensitive. Sensitivity and linearity of the HPLC will be assessed in this chapter according to ICH guidelines.

Development of protein quantification method 3.1.

The adsorption behavior of a protein on a solid surface is related to its stability.

During adsorption, many proteins go through conformational changes and lose part of their structure that associates with their properties [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF] .

In order to understand the behavior of proteins on the liquid-solid surface, highly sensitive and robust techniques are firstly required to be developed for quantification.

Protein quantification with UV spectroscopy

Initially, protein adsorption on glass surface was performed at pH 7.4 and determined by UV spectroscopy at wavelength of 280 nm. This method was found to be convenient for protein estimation due to its multiple advantages, for instance fast measurement, no reagent added and the linear relationship between protein concentration and absorbance 121 .

The graph, concentration of BSA solution as a function of adsorption time from 0 to 5 hours, is shown in Figure 32. The first point corresponding to 0 min, is associated to the initial concentration: 0.21 mg/mL. It can be seen that the BSA concentration stays constant during 300 min, indicating that the adsorbed amount of protein on the glass surface could be lower than the detection limit of this method. This direct method is therefore not enough sensitive to measure the amount of protein adsorbed on the

Size-Exclusion HPLC Chromatographic study

The chromatograms of the protein mixture (BSA, MGB and LSZ solution at concentration of 20 µg/mL) in Figure 33 show the different profiles and the retention times of the three proteins by using different mobile phases: PBS (Figure 33A) and PBS containing 0.1% SDS (Figure 33C). In contrast, the chromatogram in Figure 33C (obtained with mobile phase PBS-SDS) reveals three peaks of BSA, MGB and LSZ respectively with their retention times of 7.4 min, 8.8 min and 9.6 min, which presents a good linearity for the logarithm of molar mass as a function with retention volume (y=-0.3132x+7.1075, see in Figure 33D). In the latter case, BSA dimer and oligomer are no longer detectable as they are disrupted by surfactant effect.

As LSZ is charged positively in solution at pH 7.4, it could be retained by electrostatic interaction with the silica based surface of the column. The presence of surfactant (SDS) did interrupt this interaction by binding SDS molecules with proteins. 34, over 60 °C, we observed a complete disappearance of the oligomer peak, as well as a decline of the absorbance at high temperature with a continuous decrease of the ratio between dimers and monomers with the temperature (Table 5).

The irreversible BSA denaturation temperature is known to occur around 70°C [START_REF] Villarreal | Protein structure. Wikipedia, Free Encycl[END_REF] depending on the solvent and pH used. After rinsing the two surfaces with surfactants such as sodium dodecyl sulfate (SDS), the protein cannot be detected in the rinsing solutions. It indicates that thermally denatured proteins are still in solution but not aggregated onto the surface. This method can therefore be used for protein form variations (monomer, dimer, oligomer or aggregate) during adsorption process, which is already proved by Lensen et al 140 . For instance, it can be used to determine BSA for a long-term storage investigation (in Chapter 6).

wavelength, flow rate and mobile phase. The signal responses were integrated and the limits of detection (DL) as well as the limits of quantification (QL) were calculated for evaluating the accuracy and precision of HPLC.

Two injection volumes were tested: the maximum acceptable injection volume for the column GF-250 100 µL and 60 µL to compare the influence of injection volume.

Comparisons of calibration curves of BSA protein are shown in Figure 35A. The correlation coefficients (R 2 ) were above 0.990, indicating a good linearity in the considered concentration range (0.25 µg/mL-40 µg/mL). The results show a lower DL/QL for the operation condition of 100 µL injection volume.

Then different wavelengths were also analyzed. As the absorption at the wavelength 280 nm is weak, the wavelength 200-220 nm which is corresponding to the amide bond was preferred. The calibration curves of the wavelength 205 nm and 215 nm are shown in Figure 35B and the comparison of DL/QL is shown in Table 6. The values indicate that the wavelength 205 nm gives a better detection limit.

Four different flow rates have been also studied with the same operation conditions (Figure 35C). According to the DL/QL values (Table 6), the most appropriate flow rate was 1.0 mL/min. concentrations in the range 0.25 to 40 µg/mL. It was obtained by dividing the theoretical value by the experimental value. Table 8 shows the percentages of recovery for BSA, LSZ and MGB in the specific range, respectively. According to the criterion, the acceptance criterion for the recovery is in the range of +/-5%. With the exception of the low concentrations (0.25, 0.5, 1.0 µg/mL) that are closed to the DL/QL, the percentages of recovery of the other concentrations are in the range of the criterion of +/-5%. The method accuracy can be acceptable in in the range of concentration from 2.5 µg/mL to 40 µg/mL. 

Precision

The precision of method was measured according to parameters of ICH 2005 norms:

repeatability and intermediate precision.

The repeatability of the HPLC determination was studied on three consecutive injections of the same solution. Three concentration levels (5µg/mL, 10µg/mL and 20µg/mL) were evaluated. The relative standard deviation (RSD) values for the three proteins (BSA, LSZ and MGB) at three studied concentrations were less than 5% as shown in Table 9, which means that SE-HPLC method has an excellent repeatability. 

Reversed phase HPLC

Chromatographic study

A fast and high efficient technique for separation of peptides, proteins and antibodies (RP-HPLC) was employed for this investigation. Method validation and DL/QL were evaluated in comparison to SE-HPLC technique.

The protein mixture (BSA, LSZ and MGB) was analyzed at 70℃ for verifying HPLC method's performance with the column Zorbax SB300 Poroshell. The injection volume for the sample was 5 µL which was the maximum injection volume for this reversed phase column in order to obtain the strongest signal for the same concentration.

Protein mixture with different flow rates were compared to evaluate resolution and absorbance intensity. As shown in Figure 38, the three proteins are eluted at three different retention times for each flow rates (e.g. 2.0 mL/min, 1.5 mL/min, 1.0 mL/min and 0.5 mL/min). Peak 1 corresponds to the most hydrophobic protein LSZ, while peak 2 is corresponding to BSA. The third peak is associated to MGB. It was found that with the slower flow rate, the peaks had higher signals and better resolution whereas they also had longer retention time. The flow rate 0.5 mL/min was therefore considered to be used and represented a compromise between time of analysis and resolution. The retention time for each protein was much shorter than the one eluted with size exclusion column at 1 mL/min. 

Accuracy

The accuracy is defined as the agreement between the experimental concentration and the calculated concentration that is based on the calibration curve. It was studied on recoveries of five concentrations from 20 to 100 µg/mL for BSA and from 5 to 60 µg/mL for both LSZ and MGB. Table 12 shows the percentage of recovery for BSA, LSZ and MGB in this considered range, respectively. All the values of the percentages of recoveries for the three proteins were found within the range of ±5%.

It can be concluded that the method is accurate in their considered ranges. 

Precision

The precision can be evaluated by the repeatability and intermediate precision.

Repeatability was studied on three consecutive injections of the same solution for three concentrations (e.g. 20 µg/mL, 40 µg/mL and 60 µg/mL for BSA; 10 µg/mL, 20 µg/mL and 40 µg/mL for LSZ and MGB). The acceptance criterion is set to a relative standard deviation (RSD) ≤5%. The RSD values for the three proteins (BSA, LSZ and MGB) that are less than 5% as shown in 

Comparison of SE-HPLC and RP-HPLC

We analyzed three protein solutions by using size-exclusion chromatography and reversed phase chromatography. Chromatograms reveal that SE-HPLC has the ability to resolve three different forms of BSA. This was also proved by Lensen et al. 140 .

RP-HPLC cannot separate oligomer, dimer and monomer of BSA because protein will denature when it encounters with organic solution. However, RP-HPLC can elute proteins more rapidly and can work in wide range of pH and at high temperature.

Moreover, the values of DL/QL in concentration obtained with size exclusion HPLC are much lower compared to those obtained with reversed phase HPLC (see in Table 15) because the injection volume is indeed 20 times more important for SE-HPLC. As we have to quantify the small concentration of proteins at room temperature in solution at pH 7.4, the more sensitive method SE-HPLC was therefore preferred for the protein adsorption measurement. Besides, the method validation evaluation gives us the insurance that it is a precise chromatographic method with very good recovery in studied ranges. 

SE-HPLC

Sensitivity of mBCA method in comparison with HPLC method

The classical method used by biologists to quantify proteins in solution is mBCA. In Table 16 summarized the correlation coefficients as well as DL/QL for three proteins analyzed by the two methods. According to the correlation coefficient R 2 , both SE-HPLC and mBCA had a high R 2 (>0.99), showing both the two methods have good linearity. However, SE-HPLC method has higher DL/QL for three proteins in

Determination with SE-HPLC method

The amount of adsorbed protein, calculated as the concentration difference between bulk solution and solution after adsorption time t was plotted as a function of time.

The adsorption kinetic curves for BSA, MGB and LSZ are given in Figure 41. These curves are characteristic of the protein behavior at the vicinity of the surface and eventually of conformation changes after adsorption. At the beginning, the protein molecules migrated from protein bulk solution onto glass surface, which accounted for the protein adsorption process. After 60 min, the adsorbed protein on the surface reached a maximum value (0.4 µg/cm 2 for LSZ, 0.25 µg/cm 2 for BSA) called "overshoot". The protein molecules reached a temporary saturation state on the glass at end-on orientation manner at the end of 60 min. However, due to the orientation change from end-on to side-on, a part of adsorbed protein was released into the solution. The amount of adsorbed protein therefore decreased after 60 min and developed a plateau value that is around 0.25 µg/cm 2 for both proteins. According to the literature [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF] , this curve is corresponding to the rollover kinetic model (see Figure 6D) which was presented by Wertz and Santore [START_REF] Wertz | Adsorption and reorientation kinetics of lysozyme on hydrophobic surfaces[END_REF] . According to the adsorption curves, another kinetic model was also possible, which is called "Two states" model, describing two states of protein adsorption: reversible state and irreversible state (see Figure 6B). These two states can be either consecutive adsorption steps or parallel adsorption states.

prevents proteins from adsorption to the surface 142,194 . As previously reported by Froberg et al., when SDS concentration is above the critical micelle concentration (CMC), the protein layers can be completely desorbed 195 .

The purpose of this work was to compare the depletion method (loss of protein from solution before and after adsorption) and the direct method (desorption of protein and quantitation in rinsing solution) and to understand the interactions between proteins and surface. The latter technique is made up possible by the use of SE-HPLC column that tolerate up to 5% SDS. The proteins adsorbed, as well as loosely bounded molecules were removed by PBS-SDS solution.

The protein adsorbed (BSA and LSZ) glass vial were washed in successive rinsing fractions by using SDS desorption buffer or PBS solution. The rinsing solutions were then determined by mBCA. It is suggested that the loosely bounded molecules were firstly washed out. Subsequently proteins closer to the surface were desorbed in rinsing steps 2 and 3 (shown in Figure 44A and Figure 45A). We don't have the result of MGB, because mBCA cannot detect the adsorption of MGB on glass surface at pH 7.4.

The protein (BSA and LSZ) adsorption was compared with protein desorption.

Proteins adsorbed on the glass surfaces during 30 min were then rinsed by PBS/PBS-SDS solution with and without ultrasounds (US) respectively. The recovery fraction (desorption fraction) was obtained by dividing desorbed amount with total adsorbed amount determined by depletion method. It is defined as follows:

% = 100×
The results in Figure 44 indicate that BSA remaining in the glass vial was mostly rinsed off (96%) within three rinsing steps by SDS desorption buffer with or without ultrasounds, while the PBS solution cannot remove at all the adsorbed BSA.

Moreover, we can obtain higher recovery fraction (around 70% shown in Figure 44B)

of BSA in the first rinsing step with ultrasounds than without ultrasounds (around 50%

shown in Figure 44A). It seems that the ultrasounds can accelerate the desorption of

Chapter 4: Protein adsorption on PDMS surfaces

We can notice that even with a high conformal stability, the amount of LSZ adsorbed on PDMS is almost as high as BSA (a bigger protein with low conformational stability), indicating that this parameter cannot be easily used to predict the behavior of the protein in the vicinity of material surfaces. Particular care must be taken with hydrophobic surfaces in the development of new containers as they can trigger important loss of adsorbed protein and equally important conformational changes.

Adsorbed protein structural study

As we have characterized the adsorption kinetics of proteins on PDMS surface, protein structure changes are also interesting. The adsorbed protein structure was then analyzed with ATR-FTIR. The influence of contact time, concentration, surface property and the rinsing step on protein structural dynamic change was investigated.

Influence of the concentration of protein solution

The BSA adsorbed on the hydrophobic surface (PDMS) from solutions with different concentrations was studied by the ATR-FTIR technique. Figure 48 gives an example of curve fitting of adsorbed BSA spectrum. Black curve represents the original spectrum, while red and green ones represent fitted curve and structural components. Four concentrations (0.2 mg/mL, 1 mg/mL, 2mg/mL and 5 mg/mL) were chosen for the study of the interfacial BSA structural dynamic change.

The native BSA structure in solution is composed of 59% α-helix, 22% β-sheet, 3%

β-turn and 16% unordered structure 101 . 0.2 mg/mL was the minimum concentration allowing the acquisition of a signal in ATR-FTIR. 

1646±1 24±3 1644±1 22±1 Unordered 1657±1 29±4 1659±1 39±2 α-helix 1670±1 13±4 1671±1 16±4 β-turn 1681±1 13±4 1680±2 8±1 β-turn 1 mg/mL 1621±0 9±3 1622±2 3±2 Aggregated strands 1634±1 16±2 1633±0 18±3 β-sheet
Table 17. Infrared band positions of BSA from the bulk solutions at 0.2mg/ml, 1mg/ml, 2mg/ml and 5mg/ml adsorbed on PDMS for 1min and 2 hours and their band assignments.

Table 17 lists the infrared band positions of BSA from the bulk solutions at 0.2mg/ml, 1mg/ml, 2mg/ml and 5mg/ml adsorbed on PDMS for different adsorption times (1min and 2 hours) based on the second derivatization and their band assignments and area ratios of structural components. These values are the averages of three to five measurements. The variation in the positions is within 2% while 4% in their area ratios. The six positions are assigned to five structural components. In the analyzed spectra, two peaks were found in the low frequency (in the range of 1620 cm -1 and

1647±0 21±2 1645±0 22±1 Unordered 1656±0 28±3 1658±0 34±5 α-helix 1969±0 20±3 1671±1 16±3 β-turn 1682±0 7±1 1681±1 5±2 β-turn 2 mg/mL 1621±0 6±1 1622±2 5±0 Aggregated strands 1635±0 11±1 1635±0 12±2 β-sheet 1647±0 21±1 1647±1 22±2 Unordered 1658±1 33±1 1658±1 34±3 α-helix 1669±0 21±1 1670±0 19±2 β-turn 1682±0 8±1 1681±1 9±3 β-turn 5 mg/mL 1623±1 2±1 1620±0 6±1 Aggregated strands 1634±1 11±1 1634±1 13±1 β-sheet 1646±1 22±2 1646±1 20±1 Unordered 1658±1 37±3 1656±0 33±1 α-helix 1671±1 18±2 1669±0 20±2 β-turn 1682±0 9±0 1682±0 8±1 β-turn
1640 cm -1 ): 1622 cm -1 and 1635 cm -1 , which is associated with β-sheet structure. The major component 1635 cm -1 is generally related to the antiparallel β-sheet 160 and the smaller peak of 1622 cm -1 may be ascribed to parallel β-sheet 160 . Meanwhile the component with the frequency near to 1620 cm -1 , which is often characteristic of intermolecular β-sheet, is originated from the protein aggregation [185][186][187] . The peak which is around 1613 cm -1 and which is characteristic of side chains of tyrosine and arginine was ignored to quantification of different structural components. In most studies, the adsorption peak around 1645 cm -1 is related to the unordered structure and the one around 1658 cm -1 is assigned to α-helix. The components located around 1670 cm-1 and 1680 cm -1 were also observed and assigned to β-turn 188 .

The fractions of the structural components of BSA adsorbed on PDMS surface for 1 min and 2 hours (on the saturation plateau of kinetics) are summarized in Figure 49.

While contacting with PDMS for 1 min, BSA from diluted solution (0.2 mg/mL) lost half of its α-helix in native structure for the benefit of the β-turns structure (around 28%, data not shown). In contrast, the α-helix structure component increased when the solution was more concentrated (2 mg/mL and 5 mg/mL). This is consistent with the investigation of Sivaraman et al. for the adsorption of human albumin on alkanethiol self-assembled monolayers (SAMs) 199 . It was also found that the fraction of α-helix increases linearly (dashed blue line in Figure 49) with concentration. After 1 min of contact, the BSA molecules from the concentrated solution saturated all the adsorption sites on the surface in an "end-on" orientation (See Figure 50a). The saturation of the surface prevents changes of the protein conformation with time of contact. In contrast, for the lower concentration, as the supply rate of BSA is low, the surface saturation cannot be achieved immediately. The space between the molecules is large enough to change their structures and to increase their affinities on the hydrophobic surface (see Figure 50b) [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF] .

Since a part of adsorbed protein molecules from the concentrated solution could desorb in 2 hours of contact, BSA has enough space and time to change its 

Conclusions

Compared to glass surface (hydrophilic), BSA adsorption process was also performed on the hydrophobic surface (PDMS). It was found that the amount of adsorbed protein on PDMS surface is almost three-fold higher than on glass surface.

The adsorbed BSA on PDMS surface were then analyzed with ATR-FTIR. Different However, during 2 hours of contact, the adsorbed protein layer is able to mature and is composed of multiple conformation of protein (induced by release in the solution and re-adsorption on the layer). The surface analysis showed therefore reversed results after 2 hours of contact compared to 1 min of contact. First we thus need to consider the concentration of the formulation for a long-term storage. Secondly, the different structures with and without rinsing step revealed the different behaviors of the adsorbed protein in prefilled syringe (internal protein) and in vial storage (external protein). Because the syringe need to push the plunger for injection, which the piston will probably touch and remove the internal adsorbed layer in solution, while for vials, as they don't need to touch the plunger, external layer may preferentially be studied.

AFM imaging gives an insight on morphologic structure of the adsorbed protein layer.

Large dendritic organization is observed for BSA without rinsing whereas smaller structures are observable after rinsing step. The morphology is confirmed by R a index and denotes multiple level of interaction of the BSA with the hydrophobic surface.

Chapter 5: Protein adsorption on elastomer surfaces

We have shown previously that protein adsorbs differently on hydrophilic and hydrophobic model surfaces. We will now investigate another important material of prefilled syringe: rubber, constituting plungers. Several necessary processes are performed on rubber surfaces during manufacturing. In particular, surface siliconization is performed to reduce frictions (piston unsticking force and sliding force during injection). Coating with a fluorinated film is an alternative option. It is necessary not only to reduce the friction but also for its barrier effect (fewer leachable into drug formulation). For injectable pharmaceutical devices, sterilization process is a mandatory. Currently the vapor sterilization is occupying the major sterilization market in the world. Although gamma sterilization has been accepted by Europe market, but it hasn't been developed in United State. However, the elastomer pieces are also sterilized by gamma irradiation in Stelmi. Hence the interest to evaluate the gamma sterilization became a part of this study. We will investigate impact of silicone oil, fluorinated coating and the two sterilization processes on adsorption behavior of the three proteins.

Preliminary experiments 5.1.

Preliminary experiments were carried out to study the influence of three parameters: siliconization, sterilization and coating on protein adsorption behavior. Five types of elastomers were investigated as seen in Table 18. 18. Elastomers for preliminary investigation.

Influence of surface siliconization

Protein adsorption on elastomer surface was performed during 5 hours of contact to ensure to achieve the plateau. Nine points were collected from initial time to final time: 0 min, 5 min, 15 min, 30 min, 60 min, 120 min, 180 min, 240 min and 300 min. In a first sample approach, the saturation time and the adsorbed amount value on plateau were determined. We define the adsorbed amount at plateau (Γ max ) as the average value in the equilibrium adsorption state, shown as a horizontal red line. The saturation time (t s ) is derived from the time at which the plateau is reached. Saturation time (t s ) and the adsorbed amount at plateau (Г max ) of the three proteins adsorbed on glass, PDMS, butyl elastomer surface and siliconized elastomer surface were summarized in Table 19. The saturation time of these three proteins for the most hydrophilic surface (glass) is the longest (t s(glass) =60 min). This is because proteins bind less strongly with hydrophilic surface so that more reversible adsorption and desorption exist [START_REF] Marsh | Adsorption and displacement of a globular protein on hydrophilic and hydrophobic surfaces[END_REF] . Protein adsorption takes time to be equilibrium. Moreover, the adsorbed amounts on all elastomer surfaces are two or three fold more than on glass surface. The values of saturation time or of adsorbed amount at plateau for PDMS are close to the other elastomers. When we compare these three elastomer surfaces, we find that the saturation time of BSA for both PDMS and siliconized elastomer (t s(siliconized) = 15 min) was longer than butyl elastomer (t s(butyl) = 5 min). It demonstrates that the surface siliconization makes BSA and MGB adsorption slower or desorption faster, compared to non-siliconized surface. As they have also higher adsorbed amounts, it is possible that more surface rearrangements occur when these protein encounter silicone oil or PDMS surface. However, as a "rigid" protein, the silicone oil can promote BSA and LSZ denaturation on the surface at short contact time, while after 24 hours of contact, the fractions of α-helix on the two surfaces are identical for the two proteins. It indicates that the protein layer matures but is also able to displace silicone oil from the surface after long time of adsorption. On the contrary, the α-helix fractions of MGB adsorbed on both surfaces stayed the same all along the 24 hours, showing that MGB can rapidly achieve its structural equilibrium and also can displace silicone oil at the beginning.

Figure 60 shows changes of β-sheet fraction for the proteins adsorbed on butyl elastomer surface and siliconized surface. The β-sheet fractions of proteins adsorbed on the elastomer surfaces increase. BSA and LSZ have higher β-sheet fractions (BSA: from 22% to 28% in Figure 60A; LSZ: from 20% to 29% in Figure 60B) at 1 min of contact with siliconized surface compared to butyl elastomer surface, indicating that BSA and LSZ molecules that encountered silicone oil denature more quickly. This was in agreement with the above results with α-helix.

However, MGB has a stronger denaturation (α-helix and β-sheet) when they encounter the elastomer surfaces compared to the "hard" protein LSZ. As a small and "soft" protein, MGB molecules were susceptible to change their structure and reach the stable state and also displace the silicone oil quickly (their structural fractions changed at the beginning of contact and then stayed stable as a function of time). In contrast, despite its low conformational stability, the large protein BSA needs longer time to find its stable structure, and so does the "hard" protein in presence of silicone oil. It is noted that BSA has an intensively decrease of α-helix, but less increase of β-sheet, indicating this adsorbed protein becomes more unordered on elastomer surface.

In summary, at the beginning of contact, siliconized surface induced greater denaturation of BSA and LSZ compared to non-siliconized surface. However, their structures were similar after 24 hours of contact with butyl elastomer and siliconized elastomer. It indicates that the silicone oil has been displaced or have limited effect after long time of contact. MGB reaches its structural equilibrium state right away when it contacts the two elastomer surfaces. The MGB can displace the silicone oil at the beginning of contact. The silicone oil has less effect on the structure of MGB.

Influence of sterilization

Three surfaces were compared: siliconized surface, siliconized vapor sterilized surface and siliconized gamma sterilized surface. The siliconized surface has been chosen as reference as it is the industrial standard. Actually, it is very difficult to produce elastomer without any silicone oil. The adsorption kinetic curves in Figure 61 reveals different absorption behaviors on the three different surfaces. BSA adsorption gives stable plateau on siliconized surface and siliconized gamma sterilized surface, while the amount adsorbed on siliconized vapor sterilized surface continued to increase after 4 hours (see Figure 61B). We observe an "overshoot" after 5 min on siliconized gamma sterilized surface (see Figure 61C). The different adsorbed amounts on plateau and saturation time for the three proteins are given in Table 20 (curves for LSZ and MGB proteins are shown in Figure 62 and Figure 63). The siliconized vapor sterilized surface triggered a longer saturation time (t s(siliconized vapor sterilized) = 60 min) and a highest adsorbed amount for BSA (Γ max = 1.4 µg/cm 2 ), while it adsorbs less on siliconized gamma sterilized surface (Γ max = 0.6 µg/cm 2 ). This demonstrates that BSA had higher surface affinity for siliconized vapor sterilized surface, while lower affinity for siliconized gamma sterilized surface. It is possible that high temperature in autoclaving induces different distribution of silicone oil on elastomer surface. A more homogenous silicone film, which increases the contact area between protein and silicone oil, may result in an augmentation of adsorption of BSA.

For the impact of siliconized gamma sterilized surface, we don't have any explanation so far for this phenomenon. However, the sterilization effect on saturation time of MGB was shown opposite: the vapor sterilization reduces the saturation time (t s(siliconized vapor sterilized) = 5 min), whereas the saturation time for gamma sterilization Table 20. Saturation time (t s ) and the adsorbed amount at plateau (Г max ) of three proteins adsorbed on siliconized surface, siliconized vapor sterilized surface and siliconized gamma sterilized surface.

Figure 64 shows α-helix fraction changes of proteins in contact with siliconized surface and siliconized vapor sterilized surface. As mentioned before, the vapor sterilization may have changed distribution of silicone oil on surface, which would influence the secondary structure of proteins. As shown in Figure 64A, the siliconized surface induced a more intensive decrease of α-helix fraction (from 59% to 25%) of BSA at the beginning of contact compared to siliconized vapor sterilized surface (from 59% to 30%). The value of the two surfaces are identical after 24 hours of contact. The results were similar as these on raw butyl elastomer surface. The heterogeneous distribution of silicone oil on siliconized surface induced a more intensive decrease of α-helix fraction of BSA after 1 min and 2 hours of contact. On the other side, the more homogenous surfaces with probability one phase exposited on surface (butyl elastomer surface and siliconized vapor sterilized surface) had less effect on protein structure. The influence of distribution of silicone oil on LSZ structure was observed at the end of 24 hours contact, revealing a lower α-helix fraction on siliconized surface as shown in Figure 64B. We found the same level of denaturation for MGB on the two surfaces (see Figure 64C). surface at high temperature during vapor sterilization process. The BSA has therefore more contact area with silicone oil, which promotes the adsorption. However, BSA has higher α-helix content and lower β-sheet structure on the siliconized vapor sterilized surface. It is possible that even BSA has more contact with silicone oil, the more homogenous surface may keep its more native structure compared to siliconized elastomer (more heterogeneous). On the contrary, the sterilization effect on MGB adsorption has the opposite results: the saturation time for vapor sterilization is the lowest, while for gamma sterilization is the highest. It is possibly due to the different surface morphologies created by these two sterilization modes. However, there is less influence of sterilization on MGB structure change. As mentioned in the previous part, the MGB can achieve its structural equilibrium very fast and the silicone oil has limit influence on this protein.

The siliconized surface induced more intensive decrease of α-helix content of proteins BSA and LSZ. The siliconized vapor sterilized surface had a long-term effect on BSA β-sheet structure which may trigger protein aggregation. The different structure changes of BSA are influenced by the distribution (homogenous or heterogeneous) of silicon oil on elastomer surface. It seems that the sterilization modes have less influence on LSZ. Finally, it can note that BSA has less adsorption on siliconized gamma sterilized surfaces. We cannot explain it so far, but it can perhaps be related to the mechanical properties of the gamma sterilized elastomer surface.

Influence of coating

As the risk of protein aggregation or of leachable in solution increases with the presence of silicone oil [START_REF] Sharma | Immunogenicity of therapeutic proteins. Part 2: impact of container closures[END_REF][START_REF] Thirumangalathu | Silicone Oil-and Agitation-Induced Aggregation of a Monoclonal Antibody in Aqueous Solution[END_REF]201,202 , a fluorinated film coating was proposed. As a hydrophobic film, protein adsorption behavior on this coating needs to be investigated.

The adsorption of MGB on butyl elastomer surface and coated elastomer surface, indicating two different adsorption behaviors, is shown in Figure 66A andB. We found two plateau for the adsorption on coated surface: a plateau with lower adsorbed amount was visible between 60 min and 180 min, while a higher one was observed after 240 min. According to the kinetic curves of LSZ and BSA proteins shown in Figure 66C, D, E and F, saturation time (t s ) and the adsorbed amount at plateau (Г max )

of the three proteins adsorbed on butyl elastomer surface and coated surface are gathered in Table 21. We observed the same Γ max and t s for LSZ and BSA on coated surface as on butyl elastomer surface, while different values of Γ max and t s were obtained for MGB. This indicates that there is little impact of coated surface on LSZ and BSA adsorption kinetic, while MGB molecules change their surface affinity between 3 hours and 4 hours on coated surface. This behavior is related to the Table 21. Saturation time (t s ) and the adsorbed amount at plateau (Г max ) of the three proteins adsorbed on butyl elastomer surface and coated surface.

to be stable (24 hours) and can displace the silicone oil during long time contact. The small and "soft" protein: MGB, was susceptible to reach structural equilibrium state after a short contact time and it was independent of the silicone oil content. It is therefore necessary to consider influences of both surface and protein properties.

The vapor sterilization process can change the distribution of silicone oil on the surface. Different distributions of silicone oil have a strong impact on BSA amount adsorbed as well as BSA structural behavior. LSZ structure is also influenced after 24 hours of contact. MGB presents higher structural modification (α-helix and β-sheet)

comparing to nature state in solution and these modifications are independent of the time of adsorption.

It was shown an influence of siliconization, sterilization and coating on the adsorption behavior for the three proteins. Surface chemistry and in particular silicone oil distribution seems to play an important role on protein adsorption behavior. Surface characterization will therefore be performed in the next paragraph.

Investigations of surface influencing parameters

We have seen in the previous paragraph that the presence of silicone oil, sterilization or coating can trigger different adsorption behaviors of proteins. As the sterilization is mandatory for injectable products, we focused our study on the sterilized pieces.

Surface analysis of all elastomer disks were performed to better understand the surface chemistry or the presence of contaminations on elastomer surfaces.

Surface analysis

To understand the protein/surface interactions, surface analysis was carried out using contact angle and X-ray photoelectron spectroscopy techniques.

C1s, which is very closed from the value obtained on some substrates, indicating the surface is totally covered by a silicone film and the spectrometer probes only silicone oil over the 10 nm depth of analysis. However, we found around 6% of elements Mg2s and on non-siliconized elastomer (vapor sterilized and gamma sterilized). These elements came from fillers present in the elastomer under the form of silicates or salts that should also give a contribution to Si2p peak. A small contribution of silicone oil still cannot be excluded even on non-siliconized elastomer. When Ca and Mg are detectable, the Si2p content is around 10% (on non-siliconized elastomer surface), which is related to silicate and silicone oil.

For the batch 14.11, the coated surfaces (coated vapor sterilized and coated siliconized vapor sterilized) contained around 50% F1s and 40% C1s, referring to the ETFE film. Meanwhile, we detected little fraction of silicium and oxygen on the coated surface even with siliconization treatment.

Different quantitative results were observed on the same surfaces because of different product batches. For instance, 10% Si 2p was detected on vapor sterilized surface in batch 2014.11, while 28% Si 2p was detected in batch 2014.09 (column in red). Other different results were also detected for the coated siliconized vapor sterilized surface in batch 2014.11 and batch 2015.06, showing 3% and 10% Si2p respectively. We cannot thus control silicone oil content on coated surface. For the batch 14.09

(columns in red), we observed high content of Si (25%) on surfaces even the one without siliconization. This result is different from other batches. The products of batch 14.09 were probably contaminated by silicone oil in the autoclave during the vapor sterilization or the silicone oil content was not well controlled in the siliconization process. We used therefore the products of the same batch (batch 14.11) for the following study. According to the results of XPS, the elastomers can be classified into three groups: group 1 with non-siliconized samples like vapor sterilized elastomer, gamma sterilized elastomer with 10% Si, arising from silicates and probably low amount of silicone oil; group 2 with siliconized sample like siliconized vapor sterilized elastomer with 25% Si fully covered with silicone oil; group 3 with coated samples like coated vapor sterilized elastomer and coated siliconized vapor sterilized elastomer with from 1% to 3% Si and 50% F on the surface.

Surface wettability measurement

The results of water contact angle for glass, PDMS as well as different surfaces of elastomers are shown in Table 23. Glass and PDMS surface have water contact angles which are in agreement with their hydrophilic (38.4°) and hydrophobic (116°)

properties respectively [START_REF] Vogler | Protein adsorption in three dimensions[END_REF] . The vapor sterilized elastomer surfaces (siliconized vapor sterilized elastomer and coated vapor sterilized elastomer) show similar contact angles, while the gamma sterilized elastomer surface is more hydrophobic. The value of siliconized gamma sterilized sample is very closed to PDMS value. This can be due to bond scission during the irradiation treatment, inducing reticulation of silicon fragments at the surface. Besides, modification of the topology can also not be excluded. Seven surfaces with three groups were considered to be tested for protein adsorption: group 1 with contact angle of 30° like glass surface; group 2 with contact angle between 97° and 106° such as vapor sterilized, siliconized vapor sterilized elastomer, siliconized coated vapor sterilized elastomer and coated vapor sterilized elastomer;

Substrates

and group 3 with contact angle between 111° and 116° like PDMS and siliconized gamma sterilized elastomer.

Protein adsorption on elastomer surfaces

Timeframe of adsorption process

The adsorption kinetic curves for protein fitted with the equation based on the Langmuir adsorption model are given in Figure 68 (BSA) and Figure 69 (MGB). The k on , k off and Γ max for BSA and MGB are summarized in Table 24 and Table 25 respectively.

For BSA adsorption onto elastomer surfaces, curve fittings were obtained with the calculations of values of k on , k off and Γ max . Although it appeared that the Langmuir model was not adequate to describe the adsorption onto all surfaces, we obtained the maximum amount of adsorbed protein at the stable state. Compared to the hydrophilic surface (glass) which we have already evaluated, the BSA adsorbed amount (from 0.7 µg/cm 2 to 0.9 µg/cm 2 ) is around three-fold higher on the hydrophobic elastomer surfaces. This value is similar as the adsorption on PDMS surface, which is also hydrophobic. We found that the standard deviations for non-siliconized surfaces (vapor sterilized and coated vapor sterilized) are very high so that these values cannot be taken into account. The gamma sterilized surface had the highest amount of adsorbed BSA owing to its more hydrophobic surface (higher contact angle value)

and probably different surface topography. This value is different from the one we have discussed in the previous part (0.6 µg/cm 2 on siliconized gamma sterilized elastomer). It is probably due to the different morphologies for these two surfaces created by gamma irradiation. Moreover, the earlier result is based only one test. We need therefore repeat that experiment for verification.

According to the results of k on and k off, we observed the highest adsorption rate for the coated surface (k on =2.6 mL.µg -1 .s -1 ) while the lowest rate for the vapor sterilized surface. It indicates that the BSA molecules adsorbed more quickly to the coated surface compared to the others. However, the gamma sterilized surface had the greatest desorption rate (k off =6.1 s -1 ), meaning that adsorbed BSA molecules desorbed rapidly from gamma sterilized samples. The k on and k off for the siliconized vapor sterilized and coated siliconized vapor sterilized surfaces are not useable due to their remarkable high standard deviation (± 270 and ± 522). This error can be due to limited number of points on the kinetics or Langmuir model not suitable for this experimental set of data.

Compared to BSA, MGB has a different adsorption behavior on these surfaces. The overall adsorbed amounts are lower than those of BSA due to less affinity on elastomer surfaces than BSA. The amounts of adsorbed MGB on the coated surfaces (coated vapor sterilized elastomer and coated-siliconized vapor sterilized elastomer) is around 0.8 µg/cm 2 . It is generally higher than on the other surfaces (vapor sterilized elastomer, siliconized vapor sterilized elastomer and gamma sterilized elastomer), on which it is around 0.6 µg/cm 2 . This is probably because MGB can keep its structure on coated surfaces. One less denatured (less spreading) molecules occupies less adsorption sites. The adsorbed amount on coated surface will therefore higher than on other elastomer surfaces (denatured molecule occupies more adsorption sites).

Visually, the Langmuir model seems not to be the best model to fit MGB adsorption kinetics. The curve fit residuals (blue points in Figure 69) are higher than for BSA.

The 

Influence of coating

According to the infrared results presented in Appendix IV, the fractions of adsorbed Figure 70A shows two categories of α-helix fraction of adsorbed BSA: category 1 with a dramatical decrease of α-helix fraction (from 59% to 25%) for uncoated surfaces and category 2 with a lower decrease of α-helix fraction for coated surfaces (from 59% to 35%). And Figure 70B exhibits an increase of β-sheet fraction of BSA (category 1: around 30%) on non-coated surfaces and a decrease for the coated surfaces (category 2: around 10%). This remarkable result shows that even with the presence of silicone oil at the surface, proteins are able to sense the coated surface and modify their conformation. The result also denotes that the elastomer surface is liable to unfold the native structure at a short contact time and to refold to the β-sheet structure, probably inducing a formation of aggregates, which is a concern for the pharmacokinetics and immunogenicity of protein [START_REF] Sharma | Immunogenicity of therapeutic proteins. Part 2: impact of container closures[END_REF]203 .

Compared to the non-coated surface, the coated surface prevented the degradation of α-helix. The β-sheet structure depresses in a short contact time and maintains for a longer time (24 hours). These decreases are for the benefit of the unordered structure The structural changes of adsorbed BSA on non-coated surfaces were time-independent. The BSA structure reached the equilibrium state once contacting with elastomer surfaces and then stayed stable with time. However, the α-helix

Influence of silicone oil

Figure 74 presents α-helix and β-sheet as a function of XPS Si 2p content on surfaces.

It was found two categories (blue rectangle: category 1 and red rectangle: category 2)

for the α-helix fraction of adsorbed BSA as a function of Si content (Figure 74A).

Category 1 represents the high fraction of α-helix which is around 35% at low Si content (< 3.5%). Category 2 represents the low fraction of α-helix which is around 25% at high silicone content (> 10%). Meanwhile, the results for β-sheet structure (Figure 74B) were reversed to those of α-helix. The lower category is around 10% in the presence of Si content lower than 3.5%. The fraction of β-sheet reaches 30% once the Si content is superior to 10%.

This result is in agreement with the previous statement, denoting the presence of silicone is able to unfold BSA (decrease of α-helix fraction) and to trigger the protein aggregation (increase of β-sheet fraction). Over 10% of Si2p detected in XPS the surface is considered to be covered with a continuous silicone oil film. On coated surfaces with lower content of silicone oil, the α-helix fraction is maintained at a higher value and the β-sheet fraction is reduced, indicating aggregation may be prevented.

The structure changes of MGB as a function of Si content had a similar tendency to BSA (data show in Appendix IV). On the contrary, LSZ can maintain its structure independently of on surfaces. Proteins with low conformational stability change their structures intensively on the elastomer surfaces when the Si content is above 10% and stay stable whatever the contact time. In conclusion, the silicone content on the surface and the protein conformational stability should be taken into account for improving protein stability during drug storage. In literature, Jones et al. proved that a high concentration of silicone oil in solution is needed to have an effect of protein aggregation. They found the critical concentration is around 0.5%. In contrast, we also found that the β-sheet structure (indicator of aggregation) increases intensively when the Si content on the surface is above 10% (including silicone oil fraction). As we by one molecule. As the coated surface can maintain MGB structure during several hours, it means that more adsorption sites on the surface are provided for the MGB adsorption. The adsorbed MEB on coated surfaces is therefore higher than on non-coated surfaces.

Important outcomes:

 The most hydrophobic surface (gamma sterilized elastomer) induced the most important BSA adsorption.

 MGB showed the highest adsorption on coated surfaces, because it can maintain its structure on this type of surface, avoiding molecule spreading which can occupy more adsorption sites.

 XPS gave Si content for each surface: the non-siliconized surface (vapor sterilized and gamma sterilized) had 10% of Si content; siliconized surface (siliconized vapor sterilized surface) had 25% of Si content and coated surface (coated vapor sterilized and siliconized coated vapor sterilized surface) had around 3% Si content.

 The non-coated surfaces induced an intensive decrease of α-helix fraction and increase of β-sheet fraction. The results were time-independent. BSA and MGB can maintain structure on coated surfaces. And the structure maintaining time is limit and protein specific (BSA: more than 24 hours and MGB: 2 hours).

 Compared to PDMS surface, we found the BSA structure evolution on coated surface is because of lack of silicone oil. And according to the data, we found that the silicone oil doesn't have much influence on the structure changes of proteins adsorbed on hydrophobic surfaces (structure changes are similar in presence of Si content between 0% and 3%). And the structure changes intensively when the Si content is above 10%.

 As a rigid protein, LSZ can maintain its structure even with high content of silicone oil.

Enzymatic activity of adsorbed LSZ

All along the study, LSZ was the protein less impacted by the surface in terms of denaturation and evolution over time. It is also the only protein of the three studied to have a measurable biological activity using a kinetic turbidimetric method: the lysis of bacterial cell walls having peptidoglycan. Myoglobin (MGB) and bovine serum albumin (BSA) have very complex biological activities that cannot be characterized in vitro. We also know that enzymatic activity is strongly dependent of the protein conformation. Nine surfaces with three groups were considered to be tested. Based on their contact angle, they could be separated in 3 groups (see Table 26). Table 26. Three groups of substrates.

Group

The enzymatic activity of lysozyme was characterized by bacterial lysis kinetics. The turbidity of bacterial suspension can be detected at wavelength of 450 nm by spectrophotometry. When the suspension encounters lysozyme, it is lysed. The turbidity therefore decreases with the reduction of bacteria, inducing the decrease of absorbance at 450 nm. This test is usually performed in solution but we proposed to extend it to activity of adsorbed LSZ.

The adsorbed LSZ has higher activity if the absorbance decreases faster. We then plotted curves of absorbance as a function of reaction time (300 seconds). Figure 75 shows the regression lines for the nine surfaces and the calculated corresponding slopes. The glass surface had the highest slope while the most hydrophobic surface PDMS had the lowest slope. This is to say that adsorbed LSZ on glass whereas the activity is strongly decreased on PDMS. Besides, we found that LSZ on the coated surfaces had the same slope values as glass surface. It indicates that despite the contact angle, the coated surfaces allowed LSZ to maintain its activity during 3 hours of contact.

We plotted therefore the slopes (LSZ activities) as a function of contact angle, which is shown in Figure 76. We found that except the three points of coated surfaces, LSZ MGB can quickly change its structure and also displace silicone oil on surface.

Moreover, the Si content influences protein structure changes. We found that for sterilized surfaces, when the Si fraction is above 10%, the protein structure (BSA and MGB) denature intensively and is silicone oil independent. For a prefilled syringe, it should be therefore studied the relationship of Si content on the plunger surface and the final efficiency of drugs, as well as the feasibility of injection with less silicone oil.

The sterilization methods modify surface properties. Vapor sterilization can induce different silicone oil distribution on the surface. The silicone oil forms a homogenous film on elastomer surface, which influence protein behavior on surface. Gamma sterilization induces the reticulation of silicon fragments and probably modification of the topology, resulting in a more hydrophobic surface. The enzymatic activity test

shows that LSZ activity decreases as a function of hydrophobicity of surface (except the coated surfaces). Nowadays, the gamma sterilization is widely used as it is available for many materials sterilization. We need therefore pay more attention to the effect of this sterilization method in presence of silicon oil.

From many points of view, coated surfaces behave differently from other elastomer.

They limit decrease of α-helix content (BSA and MGB) after adsorption, keep β-sheet content low and maintain a higher activity of LSZ on the surface. This can give a protective effect from aggregation process. As all these tests have been performed on a maximum of 24 hours adsorption, we will now investigate long time effect over 3 months period. Nevertheless, little research referring to protein adsorption onto surfaces of containers for a long-term storage can be found so far.

In this chapter, we extended the study of protein adsorption behaviors onto various surfaces in the case of storage up to three months.

Influence of concentration

First of all, a preliminary experiment of BSA adsorption on hydrophilic (glass) and hydrophobic (PDMS) surfaces was carried out. We tested adsorption of bovine serum albumin (BSA) solutions at different concentrations for three months. Since we used 20 µg/mL for protein kinetic study, we chose 10 µg/mL, 20 µg/mL and 40 µg/mL to evaluate concentration influence. The supernatant after adsorption on glass surface or PDMS surface was analyzed by depletion method using SE-HPLC every 15 days (Figure 77). solution at 20 µg/mL, the BSA residual fraction decreased with storage time and the results are repeatable during 45 days (80% on 15 th day and 60% on 45 th day).

However, standard deviations of three trials increased (> 10%) with time after 60 days (Figure 77B). This high RSD is due to the fact that we obtained quite different sets of data depending on the trial performed (although performed within the same conditions, i.e. same batches of BSA, PDMS, etc.). This seems to indicate that an uncontrolled parameter occurred during storage time. For the BSA solution at 40 µg/mL, RSD was even higher (more than 40%), as the results for the three trials were totally different (Figure 77C): Trial 1 shows the highest reduced amount of BSA that is around 7 µg/mL, at the end of 60 days of storage, while trial 2 gave lower and more stable values during the long-term storage (around 2 µg/mL). In contrast, BSA is not detected in the solution after 15 days of storage in the third trial (see results in Appendix V). We found that the low concentration (C BSA =10 µg/mL) allowed repeatable results of BSA long-term storage test, while the results became more and more inconsistent according to the increase of protein concentration and time of storage.

It was demonstrated that a higher BSA concentration promotes protein adsorption onto surfaces, which is in agreement with the literature [START_REF] Norde | Protein adsorption at solid-liquid interfaces: Reversibility and conformation aspects[END_REF]204 . It can also induce the increase of aggregated strands which refers to protein aggregation in presence of PDMS surface, as we have already concluded in Chapter 3. The high standard deviation of BSA at 20 µg/mL after 60 days and 40 µg/mL throughout the long-term experiment can therefore be linked to the initiation and growth of protein aggregation, which could result in two possible consequences: 1) during the long-term storage, the growth of aggregates and the increase in size prevent the detection by HPLC method.

Large aggregates are indeed not able to go through the size exclusion column; 2) the aggregates precipitate on the bottom of container and had interactions with the surface and adsorbed proteins. As the aggregation process is complex, the growth of aggregates and their interactions is hardly controllable during the storage, inducing

These results demonstrate that concentration and surface have an influence on the protein stability for long-term storage. BSA solution at 20 µg/mL has less adsorption and denaturation on glass surface. The standard deviations for three trials were very low. PDMS surface has more potential to induce/accelerate protein adsorption and/or aggregation in a long-term storage compared to glass surface. Furthermore, high protein concentration seems to influence the growth and sedimentation of aggregates, while the protein stability at low concentration (10 µg/mL) seemed to be higher in view of the stable loss amount and absence of aggregation. This result is in agreement with the structural study in Chapter 4 (influence of concentration). All the above results were not observed in the case of protein kinetic adsorption during a short contact time.

Protein long-term storage study in the presence of elastomer surfaces

As we have mentioned in previous chapters, rubbers are usually used as plungers for pre-filled syringes. In the following, we have thus reproduced the analysis on five A second and third replicate were also performed under the same conditions. These replicate experiments used the same initial solution. periods (24 hours and 40 days). The elastomeric and PDMS surfaces do have an impact on the aggregation process on the contrary to glass surface but some parameters are still to be shed in light.

In the following we studied the behaviors of the other two proteins (MGB and LSZ). And all the elastomer surfaces have the effect of aggregation on MGB. Certainly, to be verified, the repeated experiments should be performed for the long-term storage of LSZ and MGB.

As protein concentration solution has an influence on the aggregation process, we have also tested a BSA solution at 1mg/mL for long term storage.

Influence of concentration (20 µg/mL and 1 mg/mL)

Figure 83 shows the average values of BSA residual content fractions as a function of storage time for a concentration of 1 mg/mL. We observed that BSA content in solution decreased 15% after 15 days of storage in glass container and then stayed stable as a function of time, which was consistent with the previous results with BSA concentration of 20 µg/mL. However, the results for adsorption on elastomer surfaces were not repeatable. The residual content fractions for all elastomeric surfaces had high standard deviation (more than 10%), thus indicating that all the elastomeric surfaces had effect on the protein aggregation in the concentrated solution. According to the definition of initial aggregation time mentioned before, the aggregation time for five surfaces were given in Table 29. However, we cannot explain the phenomena that the standard deviations decreased after the aggregation time. It is possible that the growth of aggregate size is different in every independent vial, even if the experimental conditions are exactly identical. The SE-HPLC can therefore detect the aggregates with small sizes, but it cannot detect the larger ones. The linearity is good for molecular weight lower than 400 kDa but proteins of higher molecular weight like Immunoglobin with 1000 kDa can also be detected.

induce protein aggregation both at low and high concentration solutions. To verify the presence of aggregates on the surface, it would be interesting to test the samples with thioflavin T (ThT).

As thioflavin T is used by biologists to characterize β-sheet aggregation pattern, we propose to extend the application to elastomeric surfaces. This test is usually set up in solution. But we propose to realize it on the surface with confocal fluorescence microscope.

Determination of the protein aggregation on the surface

To verify the existence of protein aggregates on surface, we used thioflavin T, which is a fluorescent dye used as a common marker for the detection of amyloid fibril. This method is usually used in solution 161,162 . In our research, we tried to adapt the method to make it suitable to determine protein aggregation on surfaces. As shown in literature 165 , the ThT molecules has the fluorescence excitation wavelength of 350 nm and emission wavelength of 438 nm. whereas it shifts to 405 nm and 490 nm when the molecules bind to proteins.

Thirteen reference samples and seven tested samples were chosen, as shown in Table 30. The reference surfaces were firstly analyzed to verify the auto-fluorescence: the surface of PDMS, PDMS in contact with ThT solution, PDMS in contact with 20 ug/mL BSA solution, the five types of elastomers (vapor sterilized, siliconized vapor sterilized, coated vapor sterilized, coated siliconized vapor sterilized and gamma sterilized) and these elastomers after contacting with ThT solutions.

The BSA adsorbed on PDMS surface for different contact times (30 min, 2 hours, 5 hours, 40 days and 90 days) were incubated with 0.5 mL ThT solutions for 30 min and then 0.5 mL Milli-Q water was deposited on the surface after removing the ThT solution by pipette for 1 mL and drying by nitrogen during 1 min. The coated siliconized sterilized surface which was in contact with BSA solution for 60 days was also studied. As shown in Figure 85, the surface of PDMS had neither auto-fluorescence at the excitation wavelength of 405 nm nor interaction with ThT to enhance fluorescence (A and B). The adsorbed protein BSA on PDMS surface for I min was negative for the fluorescence (C). Interestingly, all the elastomer surfaces showed weak fluorescence (result for coated siliconized vapor sterilized elastomer shown in D, other data not shown). The fluorescence was enhanced in the presence of ThT, which we cannot explain so far. This method will thus not be usable to characterize aggregation on the elastomer surface, although it will be usable on PDMS surface. This method is proven to be suitable for protein adsorption on PDMS surface.

However, it cannot be used for elastomer surfaces due to their auto-fluorescence. The surface can also interact with ThT to enhance the fluorescence, phenomenon that we cannot explain so far. The results demonstrated that at 20 µg/mL, BSA had little aggregates after 1 min of contact with PDMS, while the aggregate appeared after 30 min.

Conclusions

In solution at 10 µg/mL, BSA stayed stable in presence of PDMS and the results have a good repeatability, while the results cannot be repeatable for the concentration of 40 µg/mL after 45 days due to the appearance of aggregates. As the growth of aggregates cannot be controlled, the sizes vary in each independent vial, which can possibly trigger the different detected results. However, proteins can maintain their structure and adsorption amount on glass surface during 3 months of storage independent of concentrations. At 20 µg/mL, surface effect occurs for different elastomer samples.

The coated surfaces and gamma sterilized surface can maintain minimum values of BSA adsorption during 40 days. However, these surfaces induce BSA aggregation after 40 days. An opposite result can be obtained for LSZ storage. The aggregation occurs on vapor sterilized and siliconized vapor sterilized surfaces after 60 days. It is probably due to their totally different inherent properties. Moreover, we observed the important loss of quantity of solution for MGB after 60 days on all of elastomer surfaces, indicating no difference of surface effect on this protein. However, the storage tests for MGB and LSZ was performed only once. We have to repeat the experiments at least three times to verified these results. Besides, BSA molecules aggregate on all elastomer surfaces while the concentration is 1 mg/mL. It is possible that the high concentration promotes also the protein aggregation during storage.

In diluted solution, surfaces are the predominant factors impacting protein adsorption and aggregation. However, in concentrated solution (1 mg/ml), the influence of elastomer surfaces become weak, and the high concentration induces aggregation. We have known that there are some pharmaceutical proteins of which formulations have high concentration, we need therefore consider a compromise for less concentration effect and higher drug efficiency.

Chapter 7: Conclusion / Perspectives

Studies Important outcomes

Protein adsorption on glass surface

• HPLC was chosen for quantification the low protein amount.

• The studied proteins adsorptions on glass surfaces were considered to be related to different kinetic models, demonstrating different adsorption behaviors on glass surface. The adsorbed amounts revealed that the three protein had different respective interactions with glass surfaces.

• The adsorptions of BSA and LSZ on glass surface were proved to be irreversible by PBS rinse.

• Three rinsing fractions demonstrate that multiple adsorbed layers or different protein forms (conformation and orientation) may existed.

Protein adsorption on PDMS surface

• After short contact time, concentrated solution can protect protein structure from denaturation, while at long contact time, the concentrated solution may induce protein aggregation. We need therefore to choose a proper concentration for the protein solution storage.

• Rinsing step revealed different structures on different adsorbed layers. Different protein conformations should therefore to be considered for the drug storage in different containers such as prefilled syringes and vials.

Protein adsorption on elastomers

• Silicone oil can accelerate protein adsorption and aggregation. It was found a critical Si content on the elastomer surface: 10%, above which the protein (BSA and MGB) structure changed intensively and then stayed stable as a function of Si content.

• Sterilization influenced the distribution of silicone oil on the surface, which influenced itself the protein adsorption.

• Coating allowed the adsorbed proteins to keep their fraction of α-helix and maintain β-sheet at low level. Thus it can prevent the protein aggregation.

Protein long-term storage

• The growth of aggregates cannot be controlled. It induced a bad repeatability of protein adsorption for long-term storage test. For elastomers at low concentration, BSA and LSZ had opposite results

for surface effect of aggregation, while the different surfaces induced no difference of MGB behavior.

• In concentrated solution, the aggregation of protein was independent of the surface in long-term storage. We need to consider the effect of concentration.

• Protein stayed stable on the glass (hydrophilic) surface.

The adsorption of proteins on surfaces of storage containers like prefilled syringes induces the loss of efficacy of drugs as well as the protein denaturation. In order to solve this problem, we need to firstly understand the protein behaviors on different surfaces. Three commercial proteins with different properties (isoelectric point, conformational stability and size) were considered: bovine serum albumin (BSA), lysozyme (LSZ) and myoglobin (MGB).

As the pharmaceutical containers are made with different materials, various parameters including surface hydrophilicity/hydrophobicity, silicon content, sterilization and surface coating that could influence the interfacial protein behavior were investigated. Our studies concern quantification of adsorbed proteins on surface with low surface-to-volume ratios, as well as the characterization of interfacial protein structural alterations.

The main aim is to understand and predict the protein behavior during the long-term storage time.

What are the validated methods for the protein determination?

Protein adsorption in glass container was firstly investigated, accompanied with a problem of limited surface area. The first step of this research was therefore to develop a pertinent analytical procedure.

In this study, we tested two methods: size-exclusion HPLC and reversed-phase HPLC.

The earlier separates biomolecules in order of decreasing molecular size, while the reversed-phase chromatography is based on the hydrophobic binding of solute molecule from the mobile phase to the stationary phase. Chromatography study and different HPLC operation conditions were performed to ensure maximum efficiency of the method by determining their limit of detection and limit of quantification.

Chromatograms revealed that SE-HPLC had the ability to resolve three different forms of BSA, indicating that different forms (oligomer/aggregate) can be observed while the protein is denatured. The results of detection/quantification limit manifest that the SE-HPLC method is able to determine a lower amount of protein compared to the RP-HPLC, which means that the earlier method is better for protein adsorption measurement. The operation conditions for the analytical system were fixed as following: 100 µL of volume injection; 1mL/min of flow rate; room temperature; PBS as mobile phase for BSA and MGB elution; PBS containing 0.1% SDS for LSZ elution. The method validation evaluation gives us the insurance of a precise chromatographic method with very good recovery.

Three model proteins adsorptions on glass containers were then determined by the SE-HPLC. The adsorbed amount on glass surface increased in the order of MGB, BSA and LSZ. On hydrophilic surface, LSZ had the highest amount because of the electrostatic force. BSA and MGB can still have adsorption on glass surface owing to the entropy gain from their structure rearrangements. Moreover, the kinetic results

showed two different adsorption behaviors on glass surface, relating to two mathematic kinetic models: rollover model (BSA and LSZ) and three states model (MGB), which elucidated the adsorption mechanisms for these three proteins. The results showed a good consistency with those obtained with mBCA chemical assay.

In contrast to the depletion method, a desorption of surface-bound proteins with surfactant solution was studied. Sodium dodecyl sulfate (SDS) was adopted due to its excellent eluting capability for protein 142 . SDS can well remove the adhered protein molecules such as BSA and LSZ from glass surface by three rinsing steps, indicating that multilayers were formed with different binding forces. However, these adsorbed molecules are hardly to be removed by PBS solution. It is considered that after 30 min the adsorption process on surface is irreversible. Furthermore, LSZ is more easily to be removed. As a "hard" protein, LSZ had weaker binding forces than BSA which has low conformational stability.

What are the conformational changes induced by different surface treatments on model proteins?

Although we have already well understood protein adsorption behaviors on glass surface, we also need to know the impact of various surfaces on interfacial protein behaviors. In the second part, we studied the protein adsorption on hydrophobic surfaces: PDMS and elastomers. It was found that the adsorbed amount on hydrophobic surface was three-fold higher than on glass surface. We can notice that even with a high conformal stability, the amount of LSZ adsorbed on PDMS is almost as high as for BSA (which is a bigger protein with low conformational stability),

indicating that this parameter cannot be easily used to predict the behavior of proteins in the vicinity of material surfaces. It is possible that LSZ had sufficient adsorption sites on these hydrophobic surfaces [START_REF] Van Der Veen | Spreading of proteins and its effect on adsorption and desorption kinetics[END_REF] . We can conclude that a particular care must be taken with hydrophobic surfaces for the development of new containers as they can trigger important loss of protein due to adsorption and equally important conformational changes.

We used the simplest mathematic model (Langmuir model) which relates to the adsorption and desorption steps to fit the adsorption kinetic curves of proteins on elastomers. The results demonstrated that BSA was susceptible to adsorb onto more hydrophobic surface, while MGB had more affinity with coated surfaces. However, there were still some values not sufficient accurate, other model such as "Two-states"

and Rollover models [START_REF] Lundström | Simple kinetic models for protein exchange reactions on solid surfaces[END_REF]205 , which describe the irreversible adsorption and different adsorption manners are proposed to be used to improve this fit.

Further more detailed studies with regard to the adsorbed protein structure determination, was investigated in the following part.

In the course of structural investigation, ATR-FTIR spectra revealed interesting insights into the BSA adsorption on PDMS surface. Different parameters associated to drug storage e.g. solution concentration, contact time and rinsing step have been susceptible to change their structure when they encounter various surfaces, while "hard" proteins (LSZ) conserve their structure even on hydrophobic surfaces.

BSA had higher adsorption to the higher hydrophobic surface (gamma sterilized surface) because of its more important hydrophobic interaction, whereas MGB adsorbed more on coated surfaces. This is because coated surface can maintain the structure of MGB and then decrease its footprint area on the surface. Moreover, as "soft" proteins, BSA and MGB were more susceptible to change its structure intensively and form aggregates when the surface Si content was up to 10% (vapor sterilized, siliconized vapor sterilized and gamma sterilized elastomer). Compared to BSA and MGB, LSZ with high conformational stability, had less changes of conformation (α-helix and β-sheet) when it contacted with different surfaces.

However, the coated surfaces (coated vapor sterilized and siliconized coated vapor sterilized elastomer) behaved different with other surfaces. They can maintain high α-helix and low β-sheet content, which induced a limit of aggregation. The structural maintaining time was protein specific (BSA: more than 24 hours and MGB: 2 hours).

Another different result for coated surfaces from the other elastomer surfaces is from LSZ enzymatic activity test. The enzymatic activity decreased with the increase of hydrophobicity except the coated surface. Unlike the other hydrophobic surfaces, it kept a higher activity of LSZ on the surface. It is suggested to carry out this assay for a long-term contact to study protein activity as a function of time.

What is the relationship between the conformation of the proteins at materials surfaces and the long-term stability of the proteins?

With the knowledge of the protein adsorption behaviors and the control of the related influencing factors, we started further a protein long-term storage study, which is a critical problem for prefilled syringe storage.

This study was firstly performed on PDMS and glass surfaces with three different BSA concentrations: 10 µg/mL, 20 µg/mL and 40 µg/mL as a preliminary assay. We found that in diluted solution (10 µg/mL), the adsorbed amount stayed stable as a function of storage time (3 months) and this assay could be repeated. On the contrary, in concentrated solution (40 µg/mL), the results were totally different for the three repeated assays due to the appearance of aggregates. The growth of aggregates is effectively hard to control. Different sizes of aggregates possibly exist in independent vials prepared in the same conditions. SE-HPLC can detect a part of aggregates.

However, the large ones may not be detected, which induces variation of the results.

Another method for verifying the aggregation is therefore proposed: we can dissolve these aggregates by adding SDS in solution and then analyze this solution by HPLC.

By this method, we can verify the exist of aggregate in solution, but cannot obtain their sizes. Light scattering technique is another possibility for determining protein aggregation [START_REF] Jones | Silicone oil induced aggregation of proteins[END_REF] . For determination of aggregates on the surface, we used thioflavin T to characterize β-sheet aggregation pattern. This test is usually set up in solution. But we proposed to realize it on the surface with confocal fluorescence microscope. It was found that this method was suitable for PDMS surface adsorption, whereas cannot be used for elastomers due to the auto-fluorescence of the surface. We observed the fluorescence on the PDMS surface in contact with BSA solution for 30 min, 2 hours, 5 hours and 45 days but not for 1 min. It indicates that the aggregates appeared after 30 min of contact with PDMS surface.

We also carried out the long-term study on elastomer surfaces. We tested both a diluted solution (20 µg/mL) and a concentrated solution (1 mg/mL). In the diluted solution (20 µg/mL), surface effects on protein aggregation depended on proteins.

BSA and LSZ gave reversed results for the surface-induced aggregation influence.

This may be due to their totally different properties (reversed isoelectric point, different dimensions and different conformational stability [START_REF] Arai | The behavior of some model proteins at solid-liquid interfaces 1. Adsorption from single protein solutions[END_REF][START_REF] Norde | Adsorption, desorption and re-adsorption of proteins on solid surfaces[END_REF] ). Moreover, BSA showed aggregation on coated surfaces at the end of 45 days. This result is opposite to the structural study done after 24 hours. There are two possibilities to explain this discrepancy: 1) the concentrations for protein structural study (5 mg/mL) and for long-term storage study (20 µg/mL) were different. This may induce different behavior on coated surfaces; 2) it is possible that the BSA on coated surface can maintain its structure during short-term contact (24 hours), while it can change to another equilibrium state (high β-sheet fraction) during a long-term contact that could trigger protein aggregation. All the elastomer surfaces had the effect on MGB aggregation. As the long-term storage test for LSZ and MGB was only performed once, the result for these two proteins still need to be verified. The repetition of this test should to be carried out in the future.

In a concentrated solution, the effect of surface (elastomer) becomes weak.

Concentration may have an important impact for BSA aggregation. This effect is related to BSA structure changes on PDMS surface. Indeed, after 2 hours of contact, high concentration induces an increase of aggregated strands. It is also indicated that the glass surface can maintain protein structure not only in short contact time, but also for a long storage time (3 months). This study will be carried out for LSZ and MGB to have a complete data. We carried out the experiments in the PBS solution with pH 7.4 at room temperature. Different conditions can be also studied in the future 204,[207][208][209] .

According to the study of these three model proteins, we could predict now the adsorption behavior of pharmaceutical proteins with similar property on surfaces: 1)

the kinetic adsorption curves allows to verify that the adsorbed amount remains in 
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 1 Figure 1. Photograph of syringe components.

Figure 2 .

 2 Figure 2. Amino acid.

Figure 3 .

 3 Figure 3. Structures of proline and hydroxyproline.

  , which causes aggregations and the acceleration of protein adsorption on surfaces. Arnebrant et al. denoted on a hydrophilic chromium surface that the plateau values of the adsorbed amount of α-lactalbumin increased gradually with the increase of temperature, whereas the β-lactalbumin had a lag phase before the steep increase in adsorption 68 .

Figure 9 .

 9 Figure 9. Aggregation of β-lactoglobulin on the solid surface at a high temperature 22 .

  hydrophobic surfaces were studied by Marsh et al.. Silicon wafer with 51 mm diameter and 0.3 mm thickness was used as hydrophilic surface. The polish upper surface composes by a native oxide layer (Si-O-Si), producing silanol (Si-OH) groups in aqueous solution. These -OH groups make surface hydrophilic and negatively charged at pH 7. Hydrophobic surfaces were then obtained by grafting octadecyltrichlorosilane (OTS) onto silicon wafers. Protein adsorption on solid surface was measured by ellipsometry. The thicknesses of oxide layers and adsorbed layers were determined by changes in polarization of lasers. According to the

Figure

  Figure14A), indicating the great aggregation occurred at this pH. Silicone oil had the least effect on ConA at pH 7.2, inducing an increase in OD 360 of only 0.08 U. For BSA (shown in Figure14B), we observed the most dramatic silicone oil induced aggregation at all three pH within 5 min. The largest increase in the turbidity of BSA was observed at pH 7.2 (ΔOD 360 was around 0.35 U), with a steep increase during the first 60 min. Silicone oil induced aggregation of RNaseA was greatest at pH 4.5 (see Figure14C). The OD 360 changes for lysozyme in presence of silicone oil differed from other proteins. At pH 4.5, the turbidity caused silicone oil increased steadily over the 5 hours, clearly reflecting aggregation. However, at pH 6.5 and 7.2, the turbidities decreased over extended periods (during 50 min-140 min and 20 min-165 min, respectively).

  As a soft protein with low conformational stability, BSA can easily adsorb onto various surface including hydrophilic and hydrophobic surfaces. It can even adsorb onto negatively charged silica at pH values higher than the value of its isoelectric point (electrostatic repulsion), as demonstrated by Norde and Favier[START_REF] Norde | Structure of adsorbed and desorbed proteins[END_REF] . BSA was adsorbed from aqueous solution onto finely dispersed silica particles. Three solution pH were studied: pH 4.0 (acetate buffer), pH 4.7 (acetate buffer) and pH 7.0 (phosphate buffer). The adsorbed amount was determined with Lowry method. The adsorption isotherms are shown in Figure15. The affinity (as reflected by the initial slope of the isotherm) decreased with increasing electrostatic. It is noted that negatively charged BSA (pH 7.0) adsorbs spontaneously on the negatively charged hydrophilic silica particles (the plateau value is around 1.4 mg.m -2 ) owing to its conformational changes.

  potentiometric and conductometric titrations, the surface charge of each of the latices consists entirely of one kind of ionic group (OSO 3 -for negatively charged PS; = + NHfor positively charged PS). Hematite (α-Fe 2 O 3, hydrophilic surfaces) were prepared by hydrolysis at 22°C of ferric chloride with potassium hydroxide for approximately 8 hours. Measured by Fast protein liquid chromatography (FPLC), the protein adsorption isotherms are given in Figure 16. The zeta potentials (ζ) of the bare sorbent surfaces are given and the charges of the protein molecules relative to each other are qualitatively indicated by plus and minus signs. It is noted that the protein adsorptions on hydrophobic surfaces (PS) are higher than on hydrophilic surfaces (hematite) regardless of pH and charge. The adsorption of LSZ and RNase on the hydrophilic surface (α-Fe 2 O 3 ) is dominated by electrostatic interaction. We observed little adsorption of these two proteins on positively charged hematite surface at pH 5.5 due to the electrostatic repulsion. In contrary, the proteins with low structure stability enhance aggregates and use of radiolabeling can also degrade proteins 115 .

  . The technique assesses to measure the proteins that are not only released in the pharmaceutical formulations but also adsorbed on surfaces. For instance, Holgado et al. had evaluated a RP-HPLC for the determination of green fluorescent protein in poly (D,L-lactide-co-glycolide) microparticles 134 . This method 134 was validated in agreement with the International Conference on Harmonization guidelines (ICH,1996), showing an enough precision for protein quantification in their study.

Figure 20 .

 20 Figure 20. Principle of reversed phase column 136 .

Figure 21 .

 21 Figure 21. A typical ATR setup.

Figure 22 .

 22 Figure 22. Thioflavin-T and diagram of a β-sheet. (A) Structure of thioflavin-T; (B) Schematic representation of a β-sheet with one of the binding channels indicated with a double headed arrow; (C) Schematic representation of a protofilament where dye molecules are represented by double headed arrows 165 .

  Gamma sterilization was performed by an external company. The target rate of irradiation was 32-40 kGy.Several kinds of samples were evaluated during our research:The silicone elastomer (Sylgard 184 ® , Dow Corning Corporation) and the curing agent (Dimethyl, methylhydrogen siloxane) were mixed in a 10:1 ratio. The prepolymer was then poured in a flat polystyrene box to form a sheet or in a glass vial with a thickness of about 2 mm. After 12 hours of degassing at ambient pressure, the silicone sheet and the glass vial were thermally treated at 70°C during 4 hours. The PDMS sheet was cut into pieces with diameter of 22mm for use. The glass vial with PDMS in the bottom was then covered by a plastic cap and stored at ambient temperature.

Figure 26 .

 26 Figure 26. Contact angle of three phase: liquid, solid and gas.

Figure 27 .

 27 Figure 27. Contact angle of hydrophobic surface and hydrophilic surface.

  calibrated using the Ag 3d5/2, Au 4f7/2 and Cu 2p3/2 core level peaks, set respectively at binding energies of 368.2, 84.0 and 932.6 eV. The determination of area of each peaks were obtained with linear background using CASAXPS version 2.3.17 software. The surface composition expressed in atomic percentage (at%) was determined using integrated peak areas of each components and taken into account transmission factor of the spectrometer, mean free path and Scofield sensitivity factors of each atom. All the binding energies (BE) are referenced to C1s peak at 285.0 eV.

Figure 30 .Table 3 .

 303 Figure 30. (A) Original IR spectrum. (B) Second derivative spectrum.

Figure

  Figure 33A shows the chromatogram of three eluted proteins by using PBS solution as mobile phase: peak 1 corresponds to BSA oligomer (1.1), dimer (1.2) and monomer (1.3) with retention time of 7.8 min, 8.0 min and 8.7 min respectively, peak 2 to MGB with retention time of 10.6 min and peak 3 to LSZ with retention time of more than 20 min. According to the instruction of the size exclusion theory, the logarithm of molar mass of protein has a linear relationship with the corresponding retention volume. As displayed in the Figure 33B, LSZ (green triangle) is out of the plotted line with the equation y=-0.3443x+7.8782 relying on the molar mass and retention volume of proteins, which means that LSZ had a bad resolution while eluting with the mobile phase PBS.

Figure 40 ,

 40 Figure 40, both linearity and correlation coefficient have been plotted. For comparison with HPLC method, corresponding DL and QL have been determined by regression lines, based on the standard deviation of the response and the slope 181 .

Figure 48 .

 48 Figure 48. Curve fitting of IR spectrum of 0.2 mg/mmL BSA on PDMS surface for 1 min.

Figure 57 .

 57 Figure 57. Tapping mode AFM images of MGB adsorbed (20µg/mL, 2h) on glass surface after rinsing. Scan size is 5.0 x 5.0 µm.

  parameters such as solution concentration, contact time and rinsing step were studied for the BSA structural dynamics in this work. It was found that the high concentration can prevent BSA denaturation at the beginning of contact, which is also found bySivaraman et al. for the human albumin adsorption on alkanethiol self-assembled monolayers (SAMs) 199 . The aggregate strands of BSA increased however with the concentration. Rinsing step induced change in protein multilayer by removing loosely bound molecule. Strongly denatured proteins could be detected close to the surface.

Figure 58

 58 Figure 58 represents adsorption kinetic curves of protein after contacting with butyl elastomer (A, C and E) and siliconized elastomer (B, D and F). According to these curves, we observed two different adsorption behaviors for these two surfaces, indicating influence of silicone oil on protein behavior.

"

  three-state" model, representing initial irreversible adsorption (0 min-30 min), intermediate reversible adsorption (30 min-180 min) and final irreversible adsorption (180 min-240 min). The phenomenon is different from the adsorption of MGB on the other elastomer surfaces. It is possible that the presence of fluorine induces this different behavior. As this result is obtained with only one experiment, more tests should be performed to verify this assumption.

  BSA structural elements as a function of time on different elastomer surfaces are summarized in Figure 70A (α-helix, the dominant structural element) and Figure 70B (β-sheet, possible indicator of aggregation). The red horizontal lines indicate the initial α-helix fraction (59%) and β-sheet fraction (22%) in solution 101 .

(

  see data in Appendix IV). It demonstrates that the coated surface maintains α-helix structure of BSA a moderate level and decrease β-sheet content on the surface. It can probably better prevent the formation of aggregates during 24 hours of contact. It is probably due to its chemical composition (fluorine) or its different surface properties (topography and rigidity).

Chapter 6 :

 6 Protein long-term storage study 6.1. BSA long-term storage study in the presence of PDMS surface The physical and chemical stability of formulated therapeutic proteins in injectable devices for long-term storage has become one crucial issue in pharmaceutical industry.

6 . 2 . 1 .

 621 elastomer surfaces: sterilized by vapor, siliconized-sterilized by vapor, coated-sterilized by vapor, coated siliconized-sterilized by vapor and gamma sterilized Influence of proteins (low concentration-20 µg/mL) Firstly, we tested the long-term storage of BSA solution at low concentration (20 µg/mL) in contact with five different elastomer surfaces. The results of the first trial were summarized in Figure 79. The reduced amount is obtained from the difference of concentrations before and after the adsorption measured by SE-HPLC. The BSA loss amount stayed stable (around 4 µg/mL) during their storage time in contact with the surface of elastomer sterilized by vapor and siliconized-sterilized by vapor. However, sterilized by vapor (light blue) and sterilized by gamma (purple).

Figure 81

 81 shows the average values of residual content fraction of BSA as a function of storage time with their standard deviations for five elastomer surfaces. We observed that BSA solutions contacted with vapor sterilized surface, siliconized vapor sterilized and glass surface lost around 15% of residual content fraction after 15 days of storage while the values stayed stable as a function of storage time up to 3 months. Great decreases of BSA residual content (around 60%) were observed on the coated vapor sterilized, coated siliconized vapor sterilized and gamma sterilized samples. The standard deviations became higher after 45 days of storage, indicating that the protein aggregation appears after 45 days.

Figure

  Figure 82A and B show the interfacial MGB and LSZ behaviors on different surfaces during long-term storage. Standard deviations cannot be obtained because these experiments have only been realized once. We can still observe a great decrease of MGB residual content fraction at the end of 60 days for all surfaces expect vapor sterilized surface. Vapor sterilized surface gave the larger decrease at the end of 75days. After 60 days of storage, the loss of protein in solution deviates from the baseline to attain more than 50% of the initial concentration. On the glass surface, on the contrary, loss of protein is limited to 10% of the initial concentration. In contrast to results obtained for BSA and MGB, LSZ has a more stable behavior. The maximum amount of protein loss after 60 days is limited to 25% for vapor sterilized and siliconized vapor sterilized samples. The other surfaces induce limited loss of protein around 10%. It is possible that the great reduction of residual fraction is due to the aggregation. It is necessary to repeat these experiments at least three times to verify their standard deviations and confirm our hypothesis.

  reasonable quantity and the profile is close to what we expect; 2) the secondary structure information allows to determine and predict the conformation changes (α-helix and β-sheet) imposed by different surfaces; 3) the enzymatic activity test gives the information in regard of tendency of protein activity changes on different surfaces; 4) the β-sheet structure content on the surface allows to predict the aggregative potential of the surface; 5) the long-term storage study allows to predict protein structure changes or aggregation during a long-term storage in presence of various surfaces. The results make us to consider the correlation of protein content in formulation and storage time with drug efficacy, giving further research to study the most effective protein concentration (least adsorption and aggregation in long-term storage) with better drug efficacy. The investigation of silicone oil gives an insight on the relationship between silicon content and protein aggregation. For the industrial fabrication, the silicon content may be controlled at a level that induces less protein denaturation but still has lubricant function. It seems that the fluorinated coating surface is more friendly for the protein conformation in short-term storage (more than 1 day). It prevents the formation of aggregates. However, it can still induce adsorption/aggregation during long-term storage of "soft" proteins like BSA and MGB. The choice of the best material for prefilled syringe should thus be determined depending drug formulations. We conclude that despite glass surface is the most inert material for protein adsorption and aggregation for long-term storage, its utilization is limited due to its weight and fragility. Surface modification of hydrophobic surfaces is therefore the next investigation to do in order to prevent protein adsorption and aggregation.
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 3 Figure 3. BSA desorption from glass surface after three times of rinse with PBS containing 0.1% SDS (R1, R2, R3) under Ultrasound vs. BSA adsorption onto glass surface.

Figure 4 .Figure 5 .

 45 Figure 4. BSA desorption from glass surface after three times of rinse with PBS (R1, R2, R3) under Ultrasound vs. BSA adsorption onto glass surface.

Figure 6 .

 6 Figure 6. LSZ desorption from glass surface after three times of rinse with PBS (R1, R2, R3) vs. LSZ adsorption onto glass surface.
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  . Susi et al. have discussed the two methods. It denotes that the FSD is based on the assumption, that a spectrum of single bands (each narrow band is characteristic for a secondary structure) is broadened in the liquid or solid state. As described by Susi and Byler, the amide I band can be deconvoluted with a Lorentzian line shape function and then fitted with Gaussian band shapes by an iterative curve fitting procedure 153 .

Table 2 .

 2 . Properties of three proteins: lysozyme, myoglobin and bovine serum albumin.All proteins were used without further purifications. These proteins were chosen because LSZ and MGB have same size but different conformational stability, whereas MGB and BSA have identical conformational stability but different size. The three proteins cover a range of pI from 4 to 11.

	Protein	Molar mass (g/mol)	Size (nm 3 )	Isoelectric point (pH unit)	Conformational stability
	Lysozyme (LSZ) 43	14600	4.5×3.0×3.0	11.1	high
	Myoglobin (MGB) 43	17800	4.5×3.5×2.5	7	low
	Bovine serum albumin (BSA) 84	67000	11.6×2.7×2.7	4.7	low

Test tubes

3mL polystyrene cuvettes (10 x 10 x 45 mm) from Sarstedt were used for micro bicinchoninic acid assay (mBCA) analysis and for lysozyme enzymatic activity test.

Table 4 .

 4 Proportions of three components of BSA detected with SE-HPLC in supernatant solution as a function of adsorption time in contact with glass surface.

		Glass surface	
	Time (min)	Oligomer (%)	Dimer (%)	Monomer (%)
	0	8.6	21.1	70.3
	5	8.4	20.9	70.7
	15	8.8	21.5	69.7
	30	8.1	20.4	71.5
	60	8.4	21.2	70.4
	120	8.6	21.1	70.3
	180	8.9	21.1	70.0

As an example and to ensure that the ratio oligomer/monomer is modified by denaturation and detected by SE-HPLC, we heated the BSA solution in a glass vial at 40 °C, 60 °C, 70 °C and 80 °C for 1 hour respectively. From the chromatograms of BSA in Figure

Table 8 .

 8 Recoveries

(%) of BSA, LSZ and MGB solutions at considered concentrations.

Table 9 .

 9 Method repeatability evaluated by analyzing the same sample of BSA, LSZ and MGB solutions on the same day.Intermediate precision was evaluated by analyzing the same solution on three consecutive days. Three concentrations: 5 µg/mL, 10 µg/mL and 20 µg/mL of proteins (BSA, LSZ and MGB) have been studied. As shown in Table10, the RSD values for all the three proteins were less than 5%. It is considered a good intermediate precision for this method.

		Repeatability (%RSD)			
	Level	Concentration (µg/mL)	BSA	LSZ	MGB
	I	5	2	3	3
	II	10	1	2	3
	III	20	2	1	1

Table 10 .

 10 Method reproducibility evaluated by analyzing the same samples of BSA, LSZ and MGB solutions on three consecutive days.

	Upon validation of SE-HPLC method, the SE-HPLC is robust enough for protein
	adsorption study in the concentration range of 2.5 µg/mL and 40 µg/mL. The best
	operation conditions for SE-HPLC were: injection volume 100 µL, flow rate 1.0
	mL/min, wavelength 205nm, mobile phase PBS solution for BSA and PBS+SDS
	solution for LSZ and MGB.

Table 11 .

 11 Comparison of DL/QL for RP-HPLC method under different flow rates.

	LSZ

Table 12 .

 12 Recoveries (%) of BSA, LSZ and MGB solution at considered concentrations.

	Recovery of RP-HPLC		
	Concentration (µg/mL)	BSA	LSZ	MGB
	5	-	102%	95%
	10	-	100%	100%
	20	102%	100%	102%
	40	100%	100%	100%
	60	98%	100%	100%
	80	101%	-	-
	100	100%	-	-

Table 13 ,

 13 are acceptable for the method validation.

		Repeatability (%RSD)			
	Level	Concentration (µg/mL)	BSA	LSZ	MGB
	I	10	-	2	1
	II	20	4	1	1
	III	40	2	1	0
	VI	60	4	-	-

Table 13 .

 13 Method repeatability evaluated by analyzing the same sample of protein in the same day.

		Intermediate precision (%RSD)		
	Level	Concentration (µg/mL)	BSA	LSZ	MGB
	I	10	-	5	4
	II	20	6	4	5
	III	40	4	2	2
	VI	60	2	-	-

Intermediate precision was evaluated by analyzing the same solution on three consecutive days for 3 concentrations (e.g. 20 µg/mL, 40 µg/mL and 60 µg/mL for BSA; 10 µg/mL, 20 µg/mL and 40 µg/mL for LSZ and MGB) of the three proteins.

As shown in Table

14

, the RSD values for three proteins are less than 10% which are acceptable.

Table 14 .

 14 Method reproducibility evaluated by analyzing the same sample of protein in three consecutive days.

Table 15 .

 15 DL/QL for SE-HPLC method RP-HPLC method.

Table 22 .

 22 Quantitative elemental composition of different treated sample surfaces determined by XPS.

	Surface	Butyle	Butyle	Butyle	Butyle	Coated	Coated	Coated
	Silicone oil	Y	N	N	N	N	Y	N
	Sterilization	Vapor	Vapor	Gamma	Vapor	Vapor	Vapor	Vapor
	Batch	14.11/15.06 14.11/15.06	14.11	14.09	14.11/15.06	14.11/15.06	14.09
							Coated	
		Silico vap		Gamma		Coated vap		Coated
			Ste vap		Vap ste		silico vap	
		ste		ste		ste		vap ste
							ste	
	%Si 2p	28.56/27.49	9.70/7.60	10.10	24	1.20/0.95	3.50/12.05	25.28
	%C 1s	50.45/50.91 60.90/72.51	65.20	55.92	41.70/41.35	38.40/42.90	54.72
	%O 1s	20.99/21.60 21.10/15.35	18.10	20.08	2.60/1.81	5.40/10.12	19.99
	%Mg2p	-	5.30/3.51	4.40	-	-	-	-
	%Ca2p	-	2.40/1.01	1.60	-	-	-	-
	%N1s	-	0.60/-	0.60	-	-	-	-
	%F1s	-	-/0.03	-	-	54.50/55.89	52.8/34.93	-

Table 23 .

 23 Contact angles of different surfaces.

on (mL.µg -1 .s -1 ) k off (s -1 ) Γ max (µg.cm -2 )

  "two states" model which is proposed by McGuire et al. could describe more

	accurately protein adsorption phenomena (conformational change and adsorption
	manner) 49 . However, we still need more data (more time points) for fitting with this
	model.			
	Vapor Sterilized	22.3780 ± 53.7	13.8360 ± 71.5	0.6450 ± 0.000639
	Silico vapor sterilized	2.6458±157	3.0418 ± 157	0.5304 ± 0.229
	Coated vapor sterilized	4.1830±862	2.6731±938	0.8517±14.6
	Coated-silico vapor sterilized	2.2935 ± 0.00274	0.0131 ± 1.59	0.7967 ± 0.281
	Gamma sterilized	4.3030 ± 0.000279	2.9085 ± 0.0392	0.6583 ± 0.0159

Sample k

Table 25 .

 25 Kinetic and thermodynamic parameters for MGB adsorption onto different surfaces obtained by curve fitting.

Table 27 .

 27 Water Contact angle and slopes of LSZ activity of nine surfaces.

	activity decreased as a function of contact angle, indicating that hydrophobic surface
	can trigger more intensive protein denaturation. The high enzymatic activity of
	adsorbed LSZ on coated surfaces demonstrate that surface hydrophobicity is not the
	only parameter for the protein denaturation. Other surface properties like rigidity
	(different between coated and uncoated elastomer), surface morphology (roughness
	and silicon oil distribution) and surface chemical compositions (fluorine and silicone
	content) should also be considered. It is suggested to carry out this assay for a
	long-term contact to study protein activity as a function of time.	
	Substrates	Contact angle (°)	Slope
	Glass	38.4	2.00E-05
	PDMS	116	6.00E-06
	Butyl elastomer	103.7	1.00E-05
	Siliconized	111.5	8.00E-06
	Coated	107.2	2.00E-05
	Siliconized vapor sterilized	104.3	1.00E-05
	Coated vapor sterilized	104	2.00E-05
	Siliconized gamma sterilized	113.1	9.00E-06
	Coated gamma sterilized	106.1	2.00E-05

Table 28 .

 28 Correspondent molar mass of peaks in chromatograms at different retention times.

	Retention time (min)	log10(Mw) Mw (g/mol)
	6.8	6.18946	1545254
	8.6	5.35642	226986
	9.8	4.80106	63096
	11.1	4.19942	15848
	11.8	3.87546	7413
	11.9	3.82918	6745

Table 30 .

 30 References and samples for ThT tests.

	The samples in Table 30 (PDMS, PDMS+ThT, PDMS+BSA, coated sterilized by
	vapor surface and coated siliconized sterilized by vapor surface+ThT) were firstly
	measured by the confocal fluorescent microscopy with an excitation wavelength of
	405 nm.

Appendix I. Protein desorption