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Serum Albumin Antifouling Effects of Hydroxypropylcellulose and Pluronic F127 Adsorbed on Isobutyramidegrafted Stellate Silica Nanoparticles

Limiting the serum protein fouling is a major challenge in the design of nanoparticles (NPs) for nanomedicine applications. Suitable chemical surface modification strategies allow to limit the interactions with adsorbing proteins. In this communication, we address the potential of isobutyramide (IBAM) groups grafted on stellate silica nanoparticles (STMS) for the immobilization of two biocompatible polymers renown for biomedical and low fouling applications: Hydroxypropylcellulose (HPC) and Pluronic F127 (PF127). We report that both polymers can be loaded on STMS@IBAM NPs surface with a maximum loading content close to 10 wt %. Regarding their antifouling properties, we report that the coatings of such HPC or PF127 polymers allow to reduce significantly the human serum albumin (HSA) adsorption in average by 70 % as compared to the surface of the free polymer STMS@IBAM. These results highlight the antifouling potential of these polymer pretreatments on IBAM-modified STMS NPs surface.

Introduction

An important challenge in medical research is to design specific delivery systems that can target the injured site in a human body and release their therapeutic cargo in a controlled way. Recently, in our team, we have developed an interface based on isobutyramide (IBAM) groups grafted on the surface of mesoporous silica (MS) nanoparticles (NPs) or MS shelled iron oxide or carbon nanotubes which allow to adsorb a whole range of bioactive (antitumor) molecules (Doxorubicin, curcumin, camptothecin [1,2] ) and biopolymers including proteins [3,4] , polysaccharides [5] , DNA/RNA [6,7] . The IBAM groups were grafted in two sequential steps: one step with aminosilane (APTES) and then conversion of amine groups in IBAM through reaction with isobutyrylchloride (IBC). As suitable MS substrate for this binders, we used large pore MS silica named stellate MS (STMS) which display high surface area (ca. 500 m 2 .g -1 ) and pore size of ca. 10-15 nm whose initial synthesis was described by Zhang et al [8] . Such STMS were recently functionalized with various inorganic NPs (quantum dots, iron oxide) [9] for bimodal imaging combined to magnetic hyperthermia or grafted with high affinity ligand for iron removal in brain mimicking fluid [10] .

However, given the strong affinity of IBAM surface observed with many proteins, and in particular serum albumin, it is anticipated that a protein corona will form around these NPs when used for biomedical application. Indeed, it is now well-known that when NPs are introduced in a biological fluid, they interact with biomolecules and a protein corona ultimately forms at its surface. This protein corona gives a new biological identity to the NPs, and thus has an impact on its interactions with the other biomolecules and cells. Unfortunately, the protein bounding on the NPs surface can lead to the conformational change of these proteins, which then may lead to harmful side effects, for example due to the activation of an undesired cell signaling pathway [11][12][13][14][15] . Limiting the protein corona formation is thus a major challenge in the surface design of NPs for nanomedicine applications.

Aside features such as size, shape and charge, the chemical surface modification of an NP is a key aspect which determines the interactions of adsorbing proteins, and thus can be used to control it [13][14][15] . Among existing chemical strategies, there are efficient approaches to ensure antifouling properties involving mainly the pegylation (and dendronization) or the use of zwitterion polymers which are probably the main reported ways to date [15][16][17] . The introduction of such moieties can be afforded essentially by covalent grafting at the surface of various types of NPs such as quantum dots [18] or iron oxide NPs [19] . One of the main limitations of the covalent grafting is that it usually involves a multi-step synthesis procedure either at the NP surface or in the preformed polymer. To avoid the use of complex procedures or even the introduction of potentially harmful molecules at NPs surface, other methods used the direct coating/adsorption of polymer but the coating instability may preclude the antifouling effect once the polymer is desorbed.

As said previously, the IBAM group allows the high adsorption of a variety of biomolecules on NPs, which will highly probably lead to the formation of a protein corona. But this high adsorbing property could also be exploited to coat the NPs with antifouling polymers by simple adsorption, without the need to chemically modify the polymers, expanding considerably the range of potential functional polymers for this coating. In addition, this would be an extremely simple and tunable way to enable stealth properties without the need for surface linkers that could be harmful for the different potential cargos (drug, ligand, probes etc..).

Among the potential polymers, Hydroxypropylcellulose (HPC) and Pluronic F127 (PF127) appear as two polymers of interest for several reasons: they are both biocompatible, inexpensive and thermoresponsive, this latter being an interesting property that can be used to deliver active principles by hyperthermia. Indeed, HPC displays a Lower Critical Solution Temperature (LCST) at 41°C [20][21][START_REF] Gaharwar | Magnetic Nanoparticles Encapsulated Within a Thermoresponsive Polymer[END_REF] . This LCST ensures HPC to be in its expanded, hydrophilic state at physiological temperature, limiting the protein adsorption [16,[START_REF] Bordawekar | [END_REF]24] . Regarding PF127, its LCST at 37°C has been exploited to form in situ gel at physiological pH [20,25,26] and its antifouling properties due to the hydrophilicity of its polyethylene oxide groups were well studied and used to improve membrane low fouling [27][28][29] .

Herein, we report for the first time the adsorption study of HPC and PF127 polymers on STMS@IBAM NPs surface. The amount adsorbed in aqueous solution of each polymer is investigated as a function of their concentration (or feed weight ratio (FWR)) by thermogravimetric analysis (TGA). Next, with the aim to assess the antifouling potential of these polymer-coated NPs, the adsorption of human serum albumin (HSA) in the presence or in the absence of the polymer layer are evaluated and compared. The HSA adsorption study is achieved by spectrofluorimetry using intrinsic fluorescence of the HSA tryptophan. HSA is known to adsorb with a very rapid kinetics and with a very high loading capacity (LC) at the surface of STMS@IBAM (ca. 442 µg.mg -1 ). We address herein the effects of the pre-adsorbed polymers at the STMS@IBAM surface to significantly limit the final amount of adsorbed HSA. Such an effect, which was never reported up to date, may allow to develop new antifouling properties towards HSA or other serum proteins. Figure 1 represents a global view of the study. 

Results and discussion

The first objective of this work was to investigate the adsorption of the two chosen polymers: HPC and PF127 individually on the surface of STMS@IBAM NPs. The chemical functionalization of STMS with APTES and IBAM groups was done following the usual protocol described in the experimental section in Supporting information. First, the STMS was functionalized with APTES to add amines on the particle surface, and then these amines reacted with IBC to obtain the IBAM groups. TGA analysis was used to quantify the amount of grafted APTES and IBAM as it gives access to the total amount of organic material per mass of inorganic material (STMS). Thus the quantity of organic material present at the surface of STMS was calculated as given in Eq. 1. The amount of the last molecule grafted or adsorbed was then calculated by subtracting the quantity of organic material from the previous layer. A more detailed explanation of the calculations is also presented in Figure S1.

Results (Figure S2) indicate that APTES grafting accounts for 93.5 μg.mg -1 (1.9 /nm 2 ) and IBAM moieties account for 131.1 μg.mg -1 (2.3 /nm 2 ) which is in agreement with previous works [5,10] .

Then, the adsorption of each polymer was performed with several FWRs (Eq. 2), which was defined as:

TGA was also used to quantify the amount of adsorbed polymer, with typical representative curves presented in Figure 2.A (HPC) and Figure 2.B (PF127), and the same calculations than for APTES and IBAM were applied to obtain the LC in polymer. The LC is defined in µg of polymer per mg of unmodified STMS. The averaged results are presented in Figure 2.C for HPC and Figure 2.D for PF127. They show that, for both polymers, we could modulate the LC by playing on the FWR. A maximum LC of 97 µg.mg -1 was reached for HPC from a FWR of 25 % while a minimum FWR of 75 % was necessary to reach the maximum LC of PF127, which was 90 µg.mg -1 . The binding interaction of these polymer coatings is hypothesized to occur through hydrogen bonding between the IBAM (amide) groups and the HPC and PF127 polymers containing respectively OH or ether groups as reported previously [7] . Indeed, aside the coating of proteins, IBAM groups were reported to non-covalently bind various polysaccharides such as dextran yielding to selfsupported microcapsules [7] or chitosan to form protective nanocoating towards heavy metal diffusion [5] . Figure 2: A) and B): TGA curves of bare STMS (dark lines), STMS@IBAM (red lines), STMS@IBAM@25polymer (bleu lines), STMS@IBAM@50polymer (green lines), STMS@IBAM@75polymer (purple lines) and STMS@IBAM@100polymer (orange lines) with "polymer" being HPC in A) and PF127 in B) and the number being the FWR in polymer. C) and D): LC in C) HPC and D) PF127 after adsorption on STMS@IBAM with different FWR in polymer (red lines show the general tendency).

Then, the adsorption of HSA on these two polymer-coated STMS@IBAM was studied in order to evaluate their antifouling properties. To do so, the FWR in HSA was fixed at 40 % for all experiments as it leads to a high LC on STMS@IBAM and thus offers a good control sample to investigate the low fouling effect. The LC in HSA was evaluated indirectly by exploiting the intrinsic fluorescence of HSA due to its tryptophan residue (λ exc / λ em =295/337 nm). Fluorescence spectroscopy was thus used to measure the HSA concentration in the supernatants collected after adsorption. A typical fluorescence curve and the calibration curve are presented in Figure 3.A and B respectively. The adsorption results are presented in Figure 3.C (HPC) and Figure 3.D (PF127). In this case, the LC in HSA was calculated with Eq 3: with m HSA the mass of adsorbed HSA determined by fluorescence, and m STMS the mass of unmodified STMS. As expected, the LC in HSA, which is ca. 442 μg.mg -1 when adsorbed on STMS@IBAM, was highly reduced in the presence of both HPC and PF127, without any correlation between the amount of polymer and the final LC in HSA. Indeed, the lowest amount of HPC led to a reduction of the LC of HSA of ca. 66 % while the highest amount led to a reduction of ca. 82%. In the range of the LC used, the presence of HPC reduced the adsorption of HSA by ca. 71 % in average. Regarding PF127, the lowest amount of polymer reduced the adsorption of HSA by ca. 72 % and the highest amount by ca. 71 %. In the range of the LC used, the average HSA reduced adsorption was ca. 69% for this polymer. These results show that the coating of STMS@IBAM with HPC or PF127 can effectively reduce the adsorbing property of these particles toward HSA into an antifouling property, even with a low quantity of polymer.

Figure 3: A) Representing fluorescence spectra of supernatant collected after the adsorption of HSA on STMS@IBAM@xpolymer. B) Calibration curve of HSA in water representing the maximum fluorescence of tryptophan residues at 337 nm in function of HSA concentration. C) and D): LC in HSA obtained with a constant FWR of 40% in HSA on C) STMS@IBAM@xHPC with x being the LC in HPC and on D) STMS@IBAM@yPF127 with y being the LC in PF127 TGA was also performed after the HSA adsorption to confirm the coating with a direct analysis. Surprisingly, TGA curves after HSA adsorption showed a total weight loss that was not higher than before HSA adsorption, as expected, but was slightly lower as it can be seen in Figure 4. These results indicate that for both polymers, a loss of material occurred during this HSA adsorption step. If we examine the difference between the final % wt and the % wt after elimination of all the remaining solvents, we can see than the difference is quite similar between the samples before and after HSA adsorption: ca. 26.2 % before adsorption versus ca. 25.3 % after for HPC and ca. 27.9 % before versus ca. 23.4% after for PF127. This means that the total quantity of organic material is similar before and after adsorption. Furthermore, the previous experiments showed a maximum polymer loading of ca. 97 and 90 µg.mg -1 for HPC and PF127 respectively obtained by TGA, and a final amount of adsorbed HSA of ca. 127 and 136 µg.mg -1 in average, respectively, obtained by fluorimetry. As these amounts are relatively close, and taking into consideration that the polymers are adsorbed on the STMS@IBAM and not covalently attached to it, we suggest that the loss of material observed with the TGA curves of Figure 4 corresponds to the removal of the polymer from the particles surface and its replacement by HSA during the HSA adsorption.

As a control experiment, and to validate that any polymer release does not influence our method for the HSA fluorimetric quantification, we checked that the fluorescence of HSA could not be influenced by the presence of polymer in the supernatants, as the tryptophan fluorescence is sensitive to its environment. This was checked by measuring the fluorescence of HSA in presence of polymer in the same ratio than when adsorbing HSA on STMS@IBAM@xpolymer. The results (presented in Figure S3) showed no effect on the fluorescence, which allowed us to still validate our previous HSA LC results. Thus, we can speak about a pre-treatment of the particles surface with polymers leading to the modification of its adsorbing properties toward HSA.

Figure 4:

TGA curves of STMS@IBAM@xpolymer (black lines) and STMS@IBAM@xpolymer@40HSA (red lines) with x being in A) the FWR in HPC, here 15%, and in B) the FWR in PF127, here 75%.

The colloidal stability at pH 7.4 of the particles before and after HSA adsorption has been checked for each polymer with an FWR leading to the highest LC in polymer: 25% for HPC and 100% for PF127. The DLS results are presented in Figure 5 and the zeta potential is reported in Table 1. As it can be seen, the particles coated with HPC are overall well dispersed however they tend to form some slight aggregates of several micron size, which may be explained by the zeta potential, not high enough in absolute value to provide sufficient electrostatic repulsion between particles. Thereafter, the adsorption of HSA tends to stabilize the particles as there is less aggregates. In any way, it does not decrease the colloidal stability. Regarding the particles coated with PF127, they are very stable before and after HSA adsorption, with a small increase of the hydrodynamic diameter after adsorption. This study has also been conducted with lower FWRs (5% for HPC and 25% for PF127). The results reported in Figure S4 and Table S1 with lower FWRs gave similar results as described above. These results suggest that PF127 is a better choice as it shows a better colloidal stability.

Figure 5: DLS measurements in triplicate for A) STMS@IBAM@25HPC, B) STMS@IBAM@25HPC@HSA, C) STMS@IBAM@100PF127 and D) STMS@IBAM@100PF127@HSA In this work, we have investigated the adsorption of HPC and PF127, two wellestablished polymers renown for biomedical applications, on IBAM-modified STMS NPs surface. We achieved adsorption curves as a function of their FWR and showed that both polymers can be loaded with a maximum loading content close to ca. 10% wt (LC of ca. 97 and 90 µg.mg -1 STMS for HPC and PF127, respectively).

Regarding HSA adsorption studies, we showed that such HPC or PF127 polymer pre-coatings, even with few deposited amounts, were able to reduce significantly the HSA adsorption in average by ca. 71 % for HPC and 69 % for PF127, as compared to the high loading content at the surface of the free polymer STMS@IBAM (442 µg.mg -1 ). Regarding the mechanism involved at NPs surfaces, TGA experiments before and after HSA adsorption suggests removal of the polymers after HSA adsorption.

Overall, these results emphasize the antifouling potential of these polymer-pretreatment on IBAM-modified STMS NPs surface to significantly limit the final amount of adsorbed HSA. Such strategies may be useful in the future as an alternative to current antifouling strategy to limit the fouling of serum proteins involved in the protein corona formation.
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 1 Figure 1: Representative scheme of the HSA adsorption on STMS@IBAM without and with a polymer pre-treatment

  

  

  

  

Table 1 :

 1 Zeta potential of the polymer-coated STMS@IBAM before and after HSA adsorption

	Surface	25HPC	25HPC+HSA	100PF127	100PF127+HSA
	Zeta potential	7.21	-6.56	11.63	-18.70
	STD (mV)	±0.34	±0.66	±0.57	±1.11
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