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Double functionalization for the design of innovative craniofacial prostheses

is the most commonly used material for cranial prostheses. However, this material does not exhibit the same mechanical properties as the bone. Incorporating polymers onto Ti by combining both their properties is a solution to overcome this issue. Thus, sandwich materials made of two Ti skin sheets and a poly(methyl methacrylate) (PMMA) core are promising structures to design biomedical prostheses. The "grafting to" and "grafting from" procedures to functionalize the Ti/PMMA interface are described in this paper as two strategies for chemically connecting PMMA chains on Ti surfaces. The advantage of the first approach is the capacity to control the architecture of the grafted PMMA on Ti. Moreover, a method for selectively grafting a bioactive polymer such as poly(sodium styrene sulfonate) (PNaSS) on one side of the Ti and PMMA on the other side is developed. This contribution presents efficient ways of functionalizing Ti for biomedical applications.

Introduction

Cranioplasty is a surgical procedure used for the reconstruction of craniofacial bone substances losses. These bone losses are mainly due to skull injuries such as head traumas, infections, or pathologies requiring the removal of tumors. Therefore, it is necessary to develop cranial devices to replace a part of the removed bone flap. However, tailoring the optimal interaction of craniofacial implants with bone tissues is a challenge. Consequently, there is a great interest in creating composite designs with mechanical and biological properties nearer to the surrounding tissues.

The materials widely manufactured for cranial prostheses are polymers such as poly (methyl methacrylate) (PMMA), ceramics (hydroxyapatite), and metals such as titanium (Ti) [1,2]. Ti remains the most used material for cranioplasty due to its acceptable biocompatible properties. The spontaneous formation of a superficial oxide layer that grows with its exposure to air explains its numerous characteristics. This amorphous layer of 3 to 7 nm thickness, mainly composed of Ti oxide TiO2, chemically stabilizes the material's structure. [3][4][5]. Currently, custom-made Ti implants are manufactured on the market. These prostheses are fabricated using a laser beam additive technology called selective laser melting (SLM). It is a relevant example of building light Ti skull and mandible prostheses [START_REF] Szindler | Porous selective laser melted Ti and Ti6Al4V materials for medical applications[END_REF][START_REF] Mueller | [END_REF][8][9]. Moreover, PMMA is also mainly used in cranioplasty due to its interesting biocompatibility, low cost, and strength [10,11]. The first PMMA cranioplasty was performed by Zander in 1940 [12].

However, these materials have many disadvantages, such as their lack of mechanical properties with bone or densities [13]. In addition, unmodified Ti-based materials tend to initiate the development of a fibrous layer following several years of implantation, prompting continuous loss of osseointegration [14,15]. Since these materials alone cannot optimally solve these discrepancies, the strategy proposed is to combine two different materials: polymers and metals, to design innovative hybrid structures called sandwich structures. Indeed, those structures exploit the high bending resistance of the metals [16] and the lightweight of polymers [START_REF] Landel | Mechanical properties of polymers and composites[END_REF]. For nonbiological applications, the bonding between polymer and metal is accomplished utilizing an epoxy resin which is cytotoxic and therefore cannot be considered for biological applications [START_REF] Kostoryz | [END_REF]. On the other hand, the bonding between metals and polymers is usually a mechanical interface since both materials do not chemically bond spontaneously. In this circumstance, procedures guaranteeing a robust covalent bond between a thick polymer layer and the Ti are needed [19]. Indeed, these techniques would allow structures that can handle mechanical properties, such as Young's modulus, for better implant/bone interface.

Furthermore, the prosthesis must be biocompatible to be well integrated by living bone tissues. In this regard, various strategies have been created to advance osseointegration between the implant and the surrounding bone [20,21]. Previous works carried out by our laboratory exhibited that the long-term response of implants can be improved by the grafting of bioactive polymers such as poly(sodium styrene sulfonate) (PNaSS), PMMA, and poly(methacryloyl phosphate) [22,23]. In vitro and in vivo studies were conducted to follow the interactions between the bioactive materials and living tissues. It has been shown that the functional groups of PNaSS are biologically active on osteoblasts cells since the cell adhesion proteins adopt a conformation more conducive to the adhesion and then to the osteoblast cells' development. [24,25]. The grafting of PNaSS presents a biocompatibility interest, as it makes the implant surface hydrophilic, charged, and bacteriostatic. Recently, the grafting of PNaSS was successfully established using radicals under ultraviolet (UV) irradiation [26,27].

In general, two unique methodologies have been used to interface polymer chains on metal surfaces: the covalent connection of end-functionalized polymers joining an anchor molecule ("grafting to") and the in situ polymerization started from the surface ("grafting from") [START_REF] Minko | Polymer Surfaces and Interfaces[END_REF]. It is in this perspective that in their previous investigations [START_REF] Reggente | [END_REF], Reggente et al. have designed innovative epoxy resin-free sandwich materials composed of Ti and polymer sheets (Ti/PMMA/Ti) by developing the "grafting from" method [30]. This technique involves the grafting of PMMA using atom transfer radical polymerization (ATRP) [31][32][33]. ATRP is a form of living radical polymerization used to carry out controlled radical polymerization (CRP). Another example of the CRP method is the reversible addition-fragmentation transfer (RAFT) polymerization that can control the polymer structure. Both techniques allow grafting covalently chosen polymers and controlling their architecture, thicknesses, and compositions.

Several covalent grafting techniques can thus be used to graft PMMA chains onto Ti. Referring to the previous work developed by our team [34,35], here two different ways of linking PMMA chains onto Ti surfaces are reported: (i) the "grafting to" technique using an anchor molecule to which PMMA chains of various lengths synthesized by RAFT polymerization are covalently attached and (ii) the "grafting from" technique including the direct polymerization of PMMA by surface oxidation and UV irradiations. Moreover, to confer biological properties to the Ti/PMMA hybrid surfaces, a UV grafting technique that permits to selectively graft the PMMA onto one side of the Ti surface and PNaSS onto the opposite side of the surface has been developed.

In this article, the polymers synthesized by RAFT polymerization were characterized by conventional methods (nuclear magnetic resonance (NMR), size exclusion chromatography (SEC), and attenuated total reflection-Fourier-transformed infrared (FTIR)). In addition, the functionalized surfaces were characterized by FTIR, water contact angle measurements (WCA), Oxford energy dispersive spectroscopy (EDS), and the toluidine blue colorimetric method (TB).

Materials and Methods

a. Materials All chemical products were acquired from commercial providers and were utilized as received. One and half-centimeter diameter commercially pure, grade 2 Ti was purchased from Goodfellow. The two faces of the Ti were polished consecutively with 500 and 1200 grit SiC papers. After the polishing process, the Ti disks were successively cleaned twice in an acetone bath, once in cyclohexane bath, once in isopropanol bath, and once in distilled water (dH2O) bath with sonication for 15 min. Ti disks were then dried in an oven at 50°C. Afterward, Ti surfaces were chemically etched with Kroll's reagent (2% hydrofluoric acid, Sigma; 10% HNO3, Acros, and 88% dH2O) for 1 min with stirring followed by 15 min of sonication cleaning in five consecutive water baths.

The dopamine acrylamide (DA) anchor group synthesis was performed based on the protocol established by Chouirfa et al. [34].

Methyl methacrylate (MMA) was purified over a basic alumina column to remove the stabilizer. The description of the synthesis procedures used to prepare the PMMA via RAFT polymerization and thiolation of PMMA are provided in the supplementary material. The additional material also describes experimental details for the nuclear magnetic resonance (NMR) and size exclusion chromatography (SEC) methods used to characterize the synthesized PMMA samples.

Sodium styrene sulfonate (NaSS, Sigma) was purified by recrystallization in a mixture of ethanol/water (Carlo Erba) (10: 90 v/v) overnight at 70°C. The purified NaSS was dried under atmospheric pressure at 50°C overnight and then stored at 4°C [27,37].

The UV source used for the grafting procedure comes from a Lot Quantum Design UV lamp with a generated power from 200 W to 500 W, at 365 nm under average temperature and pressure conditions. b. Methods: The grafting processes i. Indirect grafting of MMA process Activation: After Kroll's treatment, Ti samples were activated according to the protocol established by Reggente et al. [START_REF] Reggente | [END_REF]36]. The Ti disks were immersed for 1 h into a 2M sodium hydroxide (NaOH) solution heated at 80°C in a Teflon beaker. Ti disks were suspended in the reactive media with a Ti wire during the activation step to avoid contact. Afterward, the alkali-activated Ti samples were suspended in a flask containing dH2O water for 1h at 60°C. This cleaning procedure was established to remove any traces of concentrated 2M NaOH solution. Indirect grafting of MMA onto Ti: The surface functionalization with the catechol derivative was described in detail by Chouirfa et al. [34]. This process consists of a three-step methodology (Figure 1). Well-defined molecular weight (10,16, and 50 kDa) RAFT synthetized PMMA bearing thiol end group (PMMA-SH) were covalently grafted via thiol-ene click reaction onto Ti substrates modified with the DA. More details about the dopamine adhesion and the coupling reaction of the polymer are provided in the supplementary material.

ii. Direct grafting of MMA process Methyl methacrylate (MMA) with a concentration of 1.5 Mpurified from its stabilizer by column chromatography on basic aluminum oxide -was added to a 100 mL round bottom flask containing dimethyl sulfoxide (DMSO) solvent. First, the solution was degassed with argon for 30 min, and then the activated Ti surfaces (with the procedure described above (i)) were rapidly introduced within the solution. Next, the round bottom flask containing the MMA/DMSO solution and the Ti surfaces was irradiated with UV light (365 nm, 160 mW/cm 2 ) at ambient temperature with stirring for 1 h. (Figure 1). The grafted surfaces were then rinsed for 48 h with dH2O and dried overnight at 37°C before any characterization.

iii. Double face functionalization

The selectivity of this functionalization method was made possible due to UV irradiation and the set-up implemented. Indeed, only the Ti surface directly exposed to the UV beam of the mercury lamp was able to graft the chosen polymer through the grafting process. Therefore, as a part of our study, this protocol was established strictly following the PMMA grafting protocol using the "grafting from" procedure, followed by the "grafting from" process of PNaSS. Ti-PMMA-Ti-PNaSS procedure: Ti samples were activated according to the protocol established by Reggente et al. [START_REF] Reggente | [END_REF]36]. The Ti disks were immersed for 1 h into a 1M sodium hydroxide (NaOH) solution, heated at 80°C in a Teflon beaker. Ti disks were suspended in the reactive media with a Ti wire during the activation step to avoid contact. Afterward, the alkali-activated Ti samples were suspended in a flask containing dH2O for 1 h at 60°C. Then, Ti samples were immersed in a degassed DMSO solution of MMA (1.5M). The round bottom flask, containing the MMA/DMSO solution and Ti surfaces, was irradiated with UV light (365 nm, 160 mW/cm 2 ) at ambient temperature with stirring for 1 h. For this first grafting, the face A has been exposed under UV irradiations. The grafted surfaces were then rinsed for 48 h with dH2O. After the washing step, Ti samples were immersed in a degassed and aqueous solution of NaSS monomer (0.7 M). The round bottom flask containing the samples, the solution, and the face B of Ti samples were placed under UV irradiations (365 nm, 160 mW/cm 2 ) at room temperature with stirring for 1h. Finally, grafted surfaces were then rinsed for 48 h with dH2O.

Surfaces characterizations

Each surface functionalization was followed by attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) by water contact angle measurement (WCA). The grafting degree of PNaSS was evaluated by the toluidine blue colorimetric method. Fourier-transform infrared spectroscopy (FTIR) The Fourier-transformed infrared (FTIR) spectra were acquired between 4000 and 600 cm -1 in attenuated total reflectance mode. Ti samples were pressed against a diamond crystal (4000-500 cm -1) for acquirements (512 scans). Each spectrum was then fitted and analyzed. EDS element chemical analysis This analysis was performed through scanning electron microscopy (SEM, Hitachi TM300) combined with Oxford energy dispersive spectroscopy (EDS). The instrument operated at 5 kV to 15 kV. Water Contact angle measurements (WCA) The wettability after each surface treatment step was analyzed by WCA measurements using the DAS10 goniometer from Kruss. For each measure, 2 ul of dH2O were dropped onto the surface. The dropped image was taken 20 seconds after the water drop contact with the surface. The software from the photo taken then measured the WCA. Three measurements were taken and averaged.

Toluidine blue (TB) colorimetry assay

To characterize the quantification of PNaSS grafted onto Ti surfaces, toluidine blue (TB) colorimetric technique was carried out according to the protocol established by Helary et al. [37]. TB is a chromophore molecule that absorbs in the visible at 633 nm. This molecule has the particularity to complex via its N + (CH3)2 groups with anionic groups (sulfonate SO3 -group of the NaSS). First, PNaSS grafted and washed samples were immersed in the dye solution (0.5 mM at pH =10) for complexation for 6 h at 30°C. The excess of TB was removed with 3 washings with a solution of NaOH (10 -3 M, three times 5 min). Then, complexed TB sample surfaces were de-complexed by putting the samples in acetic acid/water solution (50/50 v/v) for 24 h. The concentration of TB was then quantified by UV-visible spectroscopy (PerkinElmer lambda 25 spectrometer). TB assays were carried out onto six samples for each condition. According to Ikada et al. [38], one mole of TB molecule complexes with one mole of sulfonate (-SO3 -). Non-grafted Ti samples were used as controls and were found not to react with the TB solution. Therefore, three Ti samples were used per analysis.

Results and discussion a. Activation of Ti surfaces

The activation procedure aimed to prompt active spots on the Ti surface to graft the polymer. In the past, our laboratory was using acidic oxidation to create a surface layer of Ti hydroxide (Ti-OH) and titanium peroxides (Ti-OOH). However, since these hydroperoxides groups are not stable enough, it has been decided to activate the Ti surface with basic oxidation.

Based on the literature, an alkali activation was performed to activate the surface. The characterizations work done by M. Reggente et al. have demonstrated that the layer generated by the sodium hydroxide solution onto Ti surfaces has pore size ranges between 50 to 200 nm and is uniformly spread on the whole Ti surface (20 mm in diameter and 3 mm thick of commercially pure grade 4 Ti) [START_REF] Reggente | [END_REF]. In our type of Ti surface (15 mm in diameter and 1.5 mm thick of commercially pure grade 2 Ti), it has been noticed that the surfaces do not exhibit the same color depending on the oxidation (acid or alkaline). A light yellow Ti surface color was observed with Piranha solution and dark blue color with the alkaline oxidation (details descriptions are provided in the supplementary material). The color varies with the thickness of the Ti oxide layer. According to the literature [38], as long as the oxide layer is thin (20 to 30 nm), it is transparent, and the Ti sample keeps its metallic luster. As soon as the oxide thickens and reaches 40 nm, the surface acquires a color due to light interference effects. By referring to the table of the colours of titanium oxide films as a function of the thickness of the oxide layer, established by N.P. Peksheva et al, it can be assumed that the oxide layer's thickness would be, respectively, around 35 nm for acid oxidation and about 50 nm for alkaline oxidation.

The EDS element chemical analysis revealed several atoms (C, O, Na, Ti), mainly Na and O, essential layer compounds formed by the basic activation (Table 1). Moreover, the hydrophilicity character of the surface after the activation was shown by the water contact angle measurement. For example, the contact angle of the control Ti surface (polished Ti disk, cleaned with Kroll's reagent and oxidized with Piranha solution) was around 66°. After the activation step, the surface gave a contact angle around 42° showing the presence of hydroxyl groups onto Ti (Figure 2). b. Ti functionalization with "grafting to" and "grafting from" procedure The grafted PMMA Ti surface prepared via the "grafting to" technique requires the addition of an anchoring molecule (dopamine acrylamide) to link the PMMA chains to the Ti surface (Figure 1). This procedure was done in four steps (Figure 1): 1. Ti surface was activated with NaOH. 2. The surface was functionalized with dopamine acrylamide. 3. PMMA was synthesized by RAFT polymerization to generate a thiol function. 4. The thiol-end polymer chains were attached to the Ti surface by a thiolene click reaction.

Figure 1:

The PMMA-grafted Ti surfaces were designed using the following methodology: "Grafting from" includes UV PMMA grafting and gives non-control sized polymer chains, whereas the "grafting to" allows the grafting of polymer chains of controlled and specific size.

FTIR spectra of the PMMA grafted Ti with this method (blue curve) and synthesized PMMA powders (yellow curve) are represented in Figure 2. Both ranges contain the signal of the carbonyl group peak (C=O at 1725 cm -1 ) and the α-methyl group vibrations (α-CH3 at 2993 cm -1 and 2945 cm -1 ), confirming that PMMA was successfully grafted onto the Ti surface. Other absorption bands were observed at 1438 cm -1 (-CH2 bending vibration), 1060 cm -1 (C-O bond stretching), and 1380-749 cm -1 (α-methyl group vibrations). The absorption bands around 800 cm -1 on the Ti grafted are attributable to Ti-O bonds. This observation through FTIR analyses indicates that the grafting of the controlled-sized PMMA chains is not homogeneous. Indeed, it has been observed that in the "grafting to" method, the grafted polymer on the Ti surface, polymerized by RAFT synthesis, results in a controlled architecture, but the surface coverage remains inhomogeneous. In addition, the hydrophilicity/hydrophobicity of the surface was measured by the water contact angle (WCA) method (Figure 2). When the surface is functionalized with the anchor molecule, the contact angle of the activated surface increases by about 13°. The surface becomes less hydrophilic with the presence of dopamine acrylamide. Ti surfaces grafted with 10kDa, 16 kDa, and 50 kDa PMMA-SH gave contact angles of 62°±8, 67°±10 and 83°±13, respectively. These contact angles increase with the grafting of PMMA which is a hydrophobic polymer. It is interesting to notice that as the size of the PMMA chains increases, the surface becomes more hydrophobic. On the other hand, the standard deviation also increases, showing that the surface coverage loses homogeneity with high-length PMMA chains. This technique, coupled with infrared spectra, demonstrates the same conclusions.

The second method proposed in this study is a direct grafting technique. First, the MMA monomer is directly placed in a solution in a solvent, which solubilizes it (DMSO). Then, the Ti surfaces activated by NaOH are introduced so that the grafting with UV occurs. The UV irradiation allows radicals on the Ti surface, which will then initiate the MMA polymerization. The direct grafting of MMA is very efficient since it will avoid the synthesis of the anchor molecule by allowing a direct grafting of the solubilized monomer in contact with the surface under UV.

FTIR spectra of the PMMA grafted Ti with this "grafting from" method (pink curve), and MMA monomer liquid (black curve) are represented in Figure 3. The principal proof of PMMA formation came from the vanishing of the signal due to the C=C stretching vibration mode of the vinyl group of the monomer (1601 cm -1 ). The FTIR spectrum of the PMMA grafted Ti attests to the success of direct grafting. Other characteristic peaks of PMMA, described earlier, are present. The peaks are more defined, and the spectrum is more refined than the one obtained by the "grafting to" method.

In addition, the contact angle of a PMMA grafted surface is around 102.0°±0.8 (Figure 3). Furthermore, the standard deviation is acceptable, showing that the surface coverage homogeneity of PMMA is likely uniform on the Ti surface. The results obtained by the FTIR spectrum combined with the contact angle result show that this direct grafting method is more efficient than the indirect grafting method. Therefore, direct grafting allows obtaining a better covering of the surface by the PMMA while having a straightforward grafting protocol. 

c. Double-face functionalization

To confer bioactive properties to Ti surfaces, it has been decided to develop a method capable of grafting PMMA and PNaSS onto Ti. In this context, UV irradiation has been used, which produces a concentrated UV beam, to graft the Ti surfaces selectively. For this purpose, the Ti surfaces, suspended with Ti wires, were placed directly in contact with the UV beam (Figure 4). Thus, depending on the protocol used, the surface was able to graft the chosen polymer.

The double-face functionalization process was characterized by combining TB colorimetric assay, WCA measurements, FTIR and EDS.

The WCA measurement results (Figure 4) have attested to the presence of PMMA on the surface exposed to UV irradiation with PMMA grafting protocol ("grafting from" protocol), with the obtention of a contact angle of 102.0°±1.8. On the order hand, the surface exposed to UV with PNaSS grafting protocol showed a contact angle of 25.0°±1.2. PNaSS being an anionic and hydrophilic polymer, once grafted with PNaSS, the Ti surface should result in a low contact angle measurement. Thus, these results have demonstrated the presence of PMMA on one side of the Ti surface and PNaSS on the other side of the grafted Ti surfaces. The TB results for the distinctive grafted surfaces were predictable with the contact angle results. Expecting 1 mol of TB complexes with 1 mol of sulfonate groups, TB provides data regarding the dispersion of the grafted PNaSS on Ti surfaces. As shown in Figure 4, the amount of PNaSS grafted (0.7 M 1 h at the UV power 160 mW.cm -2 ) is 2.07±0.07 µg.cm -2 (Figure 4). The surface grafted with PMMA has shown no presence of PNaSS as the grafting degree of PNaSS onto this surface is equal to 0.05 ±0.02 µg.cm -2 . Visually, the results of TB colorimetric assay are eloquent when comparing the surface grafted with PMMA and the surface grafted with PNaSS. The images (Figure 4) clearly show that the Ti-PNaSS surface gives a darker blue image due to the high concentration of sulfonate groups on the selectively grafted surface. Concerning the grafting degree of PNaSS, similar results have been obtained as Chouirfa et al. in the same condition with a power lamp at 160 mW.cm -2 , with 0.7 M of monomer concentration and a UV exposure of 1h [27]. Moreover, FTIR spectra of both sides of the grafted surface were done. The spectra (Figure 5) were assessed between 600 and 4000 cm -1 . Ti-PMMA FTIR spectrum showed the presence of all the characteristics band of the PMMA. In addition, the Ti-PNaSS spectrum also showed the presence of specific peaks of the PNaSS at the surface of the Ti disk (Figure 5). For instance, the FTIR spectrum of Ti-PNaSS shows the aromatic ring, and the symmetric vibrations of the SO3 -groups generated a NaSS doublet (O=S=O) located at 1013 cm -1 and 1044 cm -1 . However, compared to the FTIR characterization work done for PNaSS [27], these two peaks are slightly shifted.

On the EDS analysis, the percentage of oxygen is more considerable after oxidation due to the oxide layer formation. The EDS element chemical analysis also showed Na and S atoms' presence, essential compounds of the PNaSS (Table 1) on the Ti-PMMA-Ti surface. In addition, a higher carbon percentage is observed; this result also confirms the grafting of the PNaSS. The FTIR results combined with EDS results demonstrate the selectivity of this double functionalization. 

Conclusion and perspectives

Thanks to the study carried out and reported in this article, the two grafting methods, "grafting to" and "grafting from" previously developed for the NaSS monomer, have been successfully transposed to another monomer such as MMA. This polymer is particularly interesting since it aims at improving the mechanical properties of the targeted Ti / PMMA / Ti sandwich structure.

The originality of our study is based on the development of a double functionalization of Ti surfaces. It has been shown by different characterizations (TB colorimetric method, WCA, FTIR, EDS) that it is possible to selectively graft a polymer to the surface of Ti using UV irradiation.

The protocol developed will allow us to functionalize the external surface of our sandwich structure. In addition, the osseointegration properties of the structure will be assessed using biological tests on osteoblast cells (MTT, morphology, alkaline phosphatase, and calcium assay). Besides improving the grafting time and being easily industrialized, the UV irradiation technique opens the door to numerous studies.

Figure 2 :

 2 Figure 2: FTIR spectrum and WCA measurements result for the functionalized Ti with "grafting to" procedure.

Figure 3 :

 3 Figure 3: FTIR spectrum and WCA measurements result for the functionalized Ti with "grafting from" procedure.

Figure 4 :

 4 Figure 4: TB colorimetric assay, TB images results, WCA measurements, and set-up image of the "double-face functionalization" procedure.

Figure 5 :

 5 Figure 5: FTIR results of the surface selectively exposed to UV irradiation for the "double-face functionalization" procedure.

  

Table 1 :

 1 Analysis of atomic (%) of elements at the Ti surface

	Samples	C	O	Na	S	Ti
	Ungrafted Ti	5.1±0.5 8.5±0.7	-	-	86.4±0.6
	Activated Ti (NaOH)	9.1±0.4 24.6±0.2 0.4±0.1	-	65.9±0.7
	UV PNaSS grafted Ti	20.7±1.3 19.8±1.5 0.9±0.2 1.0±0.4 57.6±2.2
	UV PMMA grafted Ti	40.9±1.2 37.3±1.0	-	-	21.8±1.7
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