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Abstract: 

This study examines how grafted polymers on titanium surfaces drive biological processes, 

focusing on the role of pre-adsorbed proteins in modulating cell and bacterial behavior. Here, 

pre-adsorbed proteins are used to mimic the initial physiological response post-implantation, 

not as a pre-coating strategy. Previous studies have shown that grafted poly(styrene sodium 

sulfonate) (pNaSS) enhances fibroblast (L929) adhesion, while poly(vinylbenzyl phosphonic 

acid) (pVBP) improves MC3T3 pre- osteoblast cells’ osseointegration. Enhanced adhesion 

of fibronectin and fibrinogen on grafted surfaces, attributed to increased wettability, provides 

an organic matrix that promotes cell adhesion and favorable morphology. Bacterial adhesion of 

S. aureus was significantly reduced on pNaSS and pVBP-grafted surfaces (by 70% and 80%, 

respectively), as quantified by CFU assays. 

These results highlight the specificity of biological responses based on surface modifications, 

protein type and bacterial strain. 

The findings deepen understanding of how polymer grafting influences titanium’s biological 

performance and guide its applications. They help address responses to questions like: Which 

cells should be targeted? Which proteins are key to these interactions? These insights enable 

tailoring biomaterial surfaces to specific clinical needs. 
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Introduction: 

Titanium-based materials are widely recognized as materials of choice in biomedical 

applications, particularly in orthopedics and dental implants, due to their excellent 

mechanical properties, corrosion resistance, and biocompatibility (1)(2)(3). The inherent ability of 

titanium surfaces to promote osseointegration dates back to the 1980s with Brånemark’s work (4). 

While conducting an experiment, he observed that the titanium forceps he used had fused with 

the rabbit bone, leading to the concept of osseointegration. 

Since then, the direct structural and functional connection between bone and modified 

titanium and its alloy implants has been extensively documented (5)(6)(7). This compatibility is 

largely attributed to the titanium oxide layer that forms naturally on the surface, facilitating 

cell adhesion and bone formation (3). 

It is well established that implant integration within the body is a complex, multifactorial 

process involving numerous biological molecules, such as extracellular matrix (ECM) proteins 

and immune cells (8). A key early event in this process is the adsorption of soluble 

macromolecules like proteins onto the implant surface, which guides biological responses, 

including cell adhesion, proliferation, and bacterial attachment (9)(10)(11). These interactions are 

significantly influenced by surface properties such as surface energy, roughness, surface charge, 

and chemical composition (12)(13). The ECM plays a central role by structurally supporting cells and 

regulating their behavior via biochemical cues. Key proteins like collagen, fibronectin, and 

laminin contain adhesion motifs that engage integrins, guiding cell attachment, survival, and 

differentiation (14). These responses are also affected by environmental factors and the chemical 

nature of protein functional groups (–COOH, –NH₂, –CH₃) (15). During the initial host response, 

a foreign body reaction (FBR) occurs, heavily influenced by protein adsorption. Material 

properties affect protein conformation and function, ultimately shaping how cells interact 

with the surface. 

Among these proteins, fibronectin (Fn) and fibrinogen (Fg) are of particular interest due to 

their fibrillar structures and distinct biological roles. Fibronectin, a key ECM component, 

mediates cell attachment, while fibrinogen, primarily found in blood, contributes to clot 

formation and inflammation (16). 

 

In the last decade, advancements in surface modification techniques have demonstrated that 

the biological performance of polymers or metallic substrates can be further enhanced 

through the grafting of bioactive polymers such as pNaSS (poly(sodium styrene sulfonate)) 

(17)(18) or pVBP(poly(vinylbenzyl phosphonic acid)) (19)(20)(21), bearing sulfonate (-SO -) and 

phosphonate (-PO 2-) groups, respectively. The UV-induced "grafting from" technique has been 
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extensively studied as it allows uniform polymer coverage and covalent surface attachment 

(22)(23). These anionic polymers have the potential to significantly improve cell adhesion, 

proliferation and differentiation (19). Unlike cationic or zwitterionic polymers, which may limit 

biocompatibility or protein interactions, these anionic polymers promote selective protein 

adsorption and subsequent cell adhesion, key steps for the integration of implants such as 

titanium into biological tissues. Numerous surface-grafted polymers have been explored for 

improving implant biointegration, offering specific properties such as antifouling, antibacterial 

effects, or tissue selectivity (24)(25). In this study, we deliberately selected pNaSS and pVBP, which 

share a similar aromatic backbone but differ in their anionic pendant groups (sulfonate vs. 

phosphonate), allowing a focused comparison of how charge chemistry influences protein 

adsorption and biological responses. pNaSS has been reported to enhance fibroblast (L929) 

adhesion and proliferation (17–19), whereas pVBP promotes pre-osteoblast (MC3T3) 

adhesion, osteogenic differentiation, and exhibits strong affinity for bone mineral phases (19,20,26). 

Investigating these polymers thus provides mechanistic insight relevant to designing bioactive 

implant surfaces. 

Recent research also highlights that grafted polymers may influence the behavior of 

extracellular matrix proteins, particularly fibronectin (10)(27)(28). The grafted polymers confer 

specific chemical functionalities and introduce negative surface charges, which influence 

protein–surface interactions through mechanisms such as electrostatic forces, hydrogen 

bonding, hydrophobic interactions, and van der Waals forces (29). 

In this study, poly(sodium styrene sulfonate) (pNaSS) and poly(vinylbenzyl phosphonic acid) 

(pVBP) were grafted onto titanium surfaces to investigate the role of the protein layer that 

forms immediately upon implantation. We focus on how the anionic pendant groups 

influence the adsorption and conformation of fibronectin and fibrinogen, proteins that were 

pre-adsorbed to mimic the early in vivo environment, and how these layers affect subsequent 

cellular and bacterial responses. Cytocompatibility, cell adhesion, and bacterial colonization with 

Staphylococcus aureus, a common pathogen in titanium implant infections, were evaluated 

to compare the effects of sulfonates and phosphonate functionalities. Titanium was 

selected as a clinically relevant model substrate to isolate the impact of surface chemistry. 

The findings aim to inform the design of next- generation implants with improved bioactivity 

and resistance to infection. 

 

Materials & Methods: 

• Material 

Grade 2, commercially pure Ti disks (10 mm; ≈ 1 mm thickness) purchased from Goodfellow 

(supplier set in Lille, France); Monomers: (4-Vinylbenzyl) phosphonic acid (VBP) powder 

(from Specific Polymers); sodium styrene sulfonate powder (Sigma Aldrich) was purified using 

a well-elaborated protocol with alternate steps of hot and cold Büchner filtrations (23)(30). The 
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purified product is stored at 4°C before use (17)(18)(23); Polymerization initiator 2,2′-azobis(2-

methylpropionitrile) (AIBN), was refined by a recrystallization process at 30 °C for 1 h. Proteins: 

Soluble fibronectin & fibrinogen (Sigma Aldrich). 

 

● Surface characterization methods 

Scanning electron microscopy coupled to Peltier module: Adhered cells’ morphology and spreading 

over the Ti surfaces after the different surface treatment were analyzed under using a 

scanning electron microscope – SEM (Hitachi TM3000). The Peltier complement allowed high 

quality images minimizing the condensation effect due to the sample humidity. 

 

Fourier Transform Infrared Spectroscopy (FTIR – ATR): ATR-FTIR was chosen for its ability to detect 

adsorbed proteins non-destructively by identifying characteristic protein bands (amide I 

and II). Measurements were done with a PerkinElmer Spectrum Two using a diamond ATR 

crystal, which provides a penetration depth of about 0.5–2 µm. Spectra were recorded at 4 cm⁻¹ 

resolution with 128 scans between 600 and 4000 cm⁻¹ and then analysed. 

 

Contact angle measurements: The wettability of the titanium surfaces was accessed using a 

contact angle measuring device (DSA10, KRUSS GmbH) following the sessile droplet method. A 

water droplet volume of 2 μL is deposed onto the surface and after equilibrium, and the contact 

angle is measured based on Young-Lapres fitting model. The measurements are triplicated for 

each condition. 

 

Titanium surfaces preparation: 

Titanium surfaces were polished (500 and 1200 grit SiC papers), ultrasonically cleaned with 

acetone, cyclohexane, isopropanol, and distilled water, then etched in Kroll's reagent for one 

minute (2% hydrofluoric acid, 10% nitric acid, 88% distilled water). After rinsing in distilled 

water, the surfaces were dried at 50 °C. The Ti substrates were then oxidized for 4 minutes in 

a 50:50 (v/v) ratio mixture of concentrated sulfuric acid (H₂SO₄) and hydrogen peroxide (H₂O₂, 

30%) to activate the surface, followed by rinsing with distilled water (19). 

 

• Grafting 

To graft pNaSS or pVBP onto Ti surfaces, solutions were prepared by dissolving NaSS in 20 mL of 

dH₂O or VBP in 4 mL of DMSO with 2% AIBN initiator. After degassing each solution with 

argon for 30 minutes, the oxidized Ti substrates were added. Immersed in NaSS/dH₂O (17)(18) 

or VBP/DMSO solutions (19), the surfaces were irradiated with UV light (365 nm, 160 mW/cm²) 

for 2 hours at room temperature with stirring. The grafted surfaces were then either washed 

with dH2O or DMSO/methanol (50:50 v/v), then methanol for 48 hours, and dried overnight 

at 37 °C. 
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Biological assays: 

For biological experiments, samples were cleaned in sterile phosphate-buffered saline solution 

(PBS) for 6 hours and sterilized under UV irradiation (254 nm) for 15 minutes per side in a 

laminar flow hood. 

 

• Protein adsorption 

Human Fibronectin (Fn) and fibrinogen (Fg) (Sigma Aldrich) were diluted in sterile PBS to a of 

0.02 mg/mL and 0.10 mg/mL, respectively (31)(32) and gently stirred. For adsorption, 1 mL of 

the protein solution was added to each surface and incubated at 37°C for 1 h (Fn) or 2 h 

(Fg) (16)(33(34)(35). Unadsorbed proteins were removed by two PBS rinses. 

 

● Cell culture 

L929 Mouse fibroblasts (ATCC) and MC3T3 pre-osteoblasts (ATCC) cell lines were used for 

cytotoxicity, biocompatibility, mineralization, and morphology assessments. 

Cell seeding: Fibroblasts were suspended in Dulbecco’s Modified Eagle Medium (DMEM, Gibco), 

used as the culture medium for this cell type, while MC3T3 pre-osteoblasts were suspended in 

Minimum Essential Medium Alpha (α-MEM, Gibco), which is appropriate for their growth. 

Cells were seeded onto the samples in multi-well plates at 37 °C with 5% CO₂ (5 × 10⁴ 

cells/mL/well). Incubation times varied depending on the assay. 

 

Assessment of cytotoxicity – MTT test: Cell viability was assessed through the measurement of 

the mitochondrial dehydrogenase activity. A tetrazolium salt solution (3-(4,5-dimethylthiazol-2-

yl)-2,5- diphenyltetrazolium bromide, MTT, Sigma) was prepared at 5 mg/mL in DMEM 

without phenol red, forming purple formazan crystals upon reaction with live cells. 

 

After incubation and washing, 100 μL of MTT solution mixed with 400 μL of DMEM is added 

to each surface and incubated for 4 hours at 37°C in the dark. Following this, the samples 

are rinsed, and decomplexation is performed by adding 350 μL of dimethyl sulfoxide 

(DMSO) to dissolve the formazan crystals. The absorbance was then read at 570 nm 

(ELx800, BioTek). Cell viability was calculated from the optical densities (OD) using the 

formula: 

  

Equation 1: Viability rate calculation 
 

 
 
 

DOs: Surface optical density 

DOp: Positive control optical density 

DOn: Negative control optical density 

𝑽𝒓 (%) = 
𝑫𝑶𝒔 − 𝑫𝑶𝒏 

𝑫𝑶𝒑 − 𝑫𝑶𝒏 

 

∗ 𝟏𝟎𝟎 
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Evaluation of cell morphology: Cells were incubated on surfaces for 24 hours, 3 days, and 7 days. 

After each period, surfaces were rinsed with PBS, fixed with 400 μL of 4% formaldehyde 

for 30 minutes at 4°C, washed with ultrapure water, and stored. 

 

Alizarin Red S staining assay: Calcium deposition was quantified using Alizarin Red S staining. 

Samples were rinsed with PBS, fixed in 70% ethanol at 4 °C for 1 hour, then air-dried. They 

were stained with 1 mL of 40 mM Alizarin Red S solution for 1 hour at room temperature, 

protected from light. Excess dye was removed by PBS washes. The bound dye was then extracted 

using 1 mL of 1% cetylpyridinium chloride (CTP) solution for 15 minutes. Absorbance was 

measured at 570 nm using a spectrophotometer (ELx800, BioTek), and calcium content was 

determined using a calibration curve. One mole of Alizarin Red S was considered to bind two 

moles of calcium (36). 

 

• Bacterial assays: 

Microbiological experiments were conducted using Staphylococcus aureus strains (S. aureus 

ATTC 25923). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The bacterial inoculum was prepared first by growing a solid culture on agar (15 g/L) 

supplemented with Mueller-Hinton (MH) medium (21 g/L) on Petri dishes, incubated 

overnight at 37 °C. Next, a liquid pre-culture was prepared by inoculating a single S. aureus 

colony into MH medium and incubating for 18 hours at 37 °C under stirring (90 rpm). 1 mL of 

exponentially growing S. aureus cells were harvested by centrifugation (5000 g, 5 minutes, 

Room Temperature). The supernatant was discarded and replaced with sterile PBS. After 

vortexing the previous aliquot, a second centrifugation was performed, and the bacterial pellet 
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was resuspended in 1 mL of fresh sterile PBS. From this suspension, a bacterial solution of 

defined concentration was prepared by diluting the original suspension with PBS. The 

bacterial suspension was adjusted to an optical density (OD) of 0.01 at 620 nm, corresponding to 

5 × 10⁶ CFU/mL⁻¹. 

Next, 1 mL of the diluted bacterial suspension was added to each titanium surface in 24 well-

plates and incubated for 3 hours at 37 °C under stirring. After incubation, the surfaces were 

removed from the solution, briefly drained on absorbent paper, and individually placed into small 

containers holding 2 mL of PBS. These containers were then placed in an ultrasonic bath for 3 

minutes to detach bacteria adhered to the Ti surfaces. 

The resulting solution was collected and serially diluted 10-fold (C and C/10). For each specimen, 

50 μL of both the undiluted and diluted solutions were spread onto Petri dishes containing a 

mixture of sterilized agar powder and Mueller-Hinton medium. Spreading was performed using 

an automatic seeder (EasySpiral, Interscience). Plates were incubated overnight at 37 °C, and 

colony-forming units (CFUs) were enumerated using an automatic colony counter (Scan 300, 

Interscience). Results were expressed as the number of attached and cultivable bacterial cells on 

the different surfaces, reported as CFU/mL⁻¹. 

 

• Statistical analysis 

Statistical analyses were performed using one-way ANOVA followed by Tukey’s post-hoc test to 

assess significant differences between groups. For each experiment, at least 3 samples were 

considered. 

 

Table 1 : Titanium and the different surfaces treatment and denominations 
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Result and discussion 

1. Grafting of polymers onto titanium surfaces 

For both polymers, the protocol relies on a “grafting from” mechanism, where the polymer 

chains grow from a radical species created on the surface, as illustrated in Figure 1. To achieve 

this, titanium surfaces undergo an oxidation step in an acidic mixture prior to any grafting 

treatment. This step facilitates the formation of functional groups on the surface, specifically 

hydroxyl groups (-OH). Under UV irradiation and in solution, these hydroxyl groups generate 

oxygen radicals, which initiate polymer chain growth. (s17-19) 

 

 

 

 

 

 

 
Figure 1 : Schematic representation of the titanium surface oiidation and VV-induced polymerization steps for 

the grafting of pNaSS and pVBP grafting in solution, H2O or DMSO, respectively. 

The follow-up of the Ti surface treatment steps is straightforward using surface characterization 

tools. The FTIR spectrum of Ti_NG (Figure 2) showed no specific vibration band associated with 

the bare surface. Once oxidized, a weak feature appeared at 3675 cm-1 attributed to free -OH 

groups. After grafting, as indicated by the arrows, new bands appeared, associated with 

the sulfonate or phosphonate groups. The bands at 1010 cm⁻¹, 1049 cm⁻¹, and 1129 cm⁻¹ are 

attributed to sulfonate while those at 933 cm⁻¹, 985 cm⁻¹, 1253 cm⁻¹, and 1509 cm⁻¹ are attributed 

to the phosphonates. The C=C stretching band for aromatic rings is typically observed around 

1600 cm⁻¹ for both polymers but appears less clearly in the pNaSS spectrum. These results are 

consistent with data from literature 
(19)(37). 

Additionally, the polymers induced a change in surface wettability. Ti_NG showed an 

average apparent contact angle of 57.5° ± 0.2, while the contact angles for the different 

surface treatments were measured as 36° ± 4.9, 16.5° ± 5.8, and 50.4° ± 3.8 for oxidized, 

pNaSS grafted and pVBP grafted surfaces, respectively (19). The change in surface hydrophilicity 

indicates that the surfaces underwent effective modifications with pNaSS and pVBP. 
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Figure 2 : FTIR spectra of the non-grafted and modified titanium surfaces with their resulting wettability 

evaluated by the measurement of the apparent water contact angles. 

The next sections will be fully dedicated to the study of surface-biological fluids interactions. 

2. Comparing the bioreactivity of two surface modifications 

 
2.1. Protein adsorption on grafted surfaces 

Fibronectin (Fn) and fibrinogen (Fg), two proteins characterized by their fibrillar structures in 

their native conformations and their distinct physiological roles were pre-adsorbed onto the 

surfaces to mimic the natural protein layer formed after implantation, aiming to replicate 

physiological conditions. 

 

The concentrations used (0.02 mg/mL for Fn and 0.10 mg/mL for Fg) are lower than 

physiological levels to ensure formation of a thin, uniform protein layer under 

experimentally controlled conditions. This approach allows precise study of how surface 

modifications affect early protein– material interactions and subsequent biological 

responses. 

 

The surface modifications brough by the grafting of pNaSS and pVBP are expected to alter 

protein adsorption behavior, thereby modulating downstream cell and microbial responses. 

Macroscopically, protein adsorption changed the surfaces’ wettability from hydrophilic to 

hydrophobic with a clear increase in the contact angles (Figure 3). After adsorption, the protein 

layer seems to have taken over the overall wettability. Hypotheses related to surface/protein 

interactions could be formulated based on the results. Based on these findings, several 

hypotheses can be proposed regarding protein orientation and surface interactions. It is 

plausible that hydrophobic domains of the proteins are oriented outward, while hydrophilic 

regions interact with the polar functional groups of the grafted polymers (38). Additionally, 

negative charges introduced by the sulfonate and phosphonate groups might have driven 
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protein adsorption into monolayers or multilayers, for example (39). 
 

 

Figure 3 : Measurement of water contact angles after the deposition of a droplet of water on the different Ti 

substrates after fibronectin (1h) and fibrinogen (2h) adsorption (* p<0.05) 

Protein adsorption over the surfaces is then effectively characterized by FT-IR spectroscopy, 

as evidenced by the appearance of two bands at 1650 cm⁻¹ and 1550 cm⁻¹, corresponding to the 

peptide bond (NH-C=O) (Figure 4). The Amide I band, located at 1650 cm⁻¹, is primarily 

associated with C=O stretching vibrations and is directly related to the backbone 

conformation. The Amide II band, at 1550 cm⁻¹, arises from N-H bending vibrations and C-N 

stretching vibrations. 

Interestingly, from a qualitative point of view, the intensity of the bands appears to be higher 

with Ti_pVBP in the fibronectin experiment (Fig.4a), whereas the opposite is observed in the 

fibrinogen experiment (Fig.4b). This could be attributed to several factors, such as a 

greater quantity of adsorbed protein, a larger surface coverage or a distinct organization of 

the adsorbed layer that exposes more peptide bonds. Deeper analyses are necessary to 

confirm this. Overall, pNaSS and pVBP interact differently with the same protein. 

Nevertheless, while these factors may explain the variations in intensity, our primary objective 

is to achieve a thin and controlled protein layer on the surface. By doing so, we aim to 

characterize the structural state and conformation of the protein after interaction with the 

modified surfaces, rather than simply maximizing adsorption. 
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Figure 4 : FT-IR spectra of Ti substrates after (a) fibronectin adsorption and (b) fibrinogen adsorption. 
 

 

Once the protein adsorption step was successfully characterized. The studies with cells and 

bacteria were carried out. 

 

2.2. Cell culture 

 
• Viability – cytotoxicity 

Assessment of cytocompatibility is a key step in advancing any biological assay. An MTT assay 

was performed after 24 hours of cell seeding. The choice of L929 fibroblasts was made 

according to the ISO 10993 biomedical device regulation (40). The test relies on the capacity of 

surface-adhered viable cells to convert MTT reagent into purple formazan crystals, reflecting the 

viability rates of cells on the surfaces. 

The results, depicted in Figure 5, show that both polymers, once grafted, significantly 

improved viability rates compared to the initial non-grafted Ti, with viability rates of 96% and 

77%, slightly higher for Ti_pNaSS. The ISO 10993-5 standard on in vitro cytotoxicity testing 

establishes that a material is considered cytotoxic if it reduces cell viability below 70% 

compared to a negative control. This threshold helps distinguish materials with significant 

toxic effects from those considered biocompatible. The significant differences observed 
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between non-grafted and grafted Ti indicate that the grafted functionalities play a role in 

improving surface biocompatibility. These findings confirm that the grafted polymer 

effectively promotes fibroblast viability, making it a promising approach for enhancing 

biocompatibility. 

 

 
 

Figure 5 : MTT assay for viability rates of L929 fibroblast cells cultured on different titanium substrates for 24 

hours (n=3). Viability rates on the y-aiis are calculated relative to a control well with no Ti substrate. 

 

 
• Cells organization and morphology 

Evidencing the way cells adhere and are organized on a surface provides deeper information on 

its suitability. Considering the potential use of titanium as bone repair material, it is necessary to 

control cell adhesion to optimize the following process. In the context of titanium use, MC3T3 

pre-osteoblast cells were used in the following experiments. Figure 6 shows adhering cells to 

different surfaces at 1 hour and 4 hours incubation time with and without fibronectin. The SEM 

images of pre-osteoblast cells highlight the effects of both adsorbed fibronectin (Fn) and 

surface treatments. A general observation is that the concentration of cells per unit area 

is higher after 4 hours of incubation compared to 1 hour, which makes complete sense: the 

longer the cells incubate, the more time they have, to adhere (Figure 6). 
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Figure 6 : SEM images of MC3T3 pre-osteoblasts fiied on different Ti substrates. Two parameters are 

investigated: the incubation time and the presence of adsorbed fibronectin. 

 

 

A closer examination reveals differences between the surface treatment conditions. 

Without adsorbed fibronectin (Fn), cells preferentially adhere to Ti_NG and Ti_Ox surfaces 

compared to polymer-grafted surfaces. In the presence of fibronectin, the tendency is more 

balanced. However, differences in cell spreading can be observed. On Ti_NG and Ti_Ox, the 

cells are predominantly spherical, with some showing a cubic morphology. In contrast, on 

polymer-grafted titanium surfaces, individual cells appear to occupy a larger area with a more 

spread-out shape. In fact, proteins such as fibronectin and vitronectin strongly contribute to cell 

adhesion when in contact with pNaSS grafted surfaces (34). Moreover, hydrophilic surfaces 

influence fibronectin binding, promoting greater adsorption to the surfaces and providing 

strong support for cell adhesion (41). The spreading phenomenon is even more pronounced 

on Ti_pVBP, where cells exhibit a fusiform (spindle-like) shape. This result aligns with the 

fact that MC3T3 cells interact more favorably with phosphonate groups because of their 

bone-like apatite-induced ability (42). 
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The accuracy of these observations is confirmed when the study is extended to longer 

incubation times, 4 hours. On Ti_pVBP, the pre-osteoblasts are flakily embedded, whereas on the 

other surfaces, cells adhere and proliferate without any clear signs of specific organization. On 

Ti_pVBP, cells interact and self-assemble into organized structures, as seen in the SEM images. 

This observation is significant because, in the long run, effective bone tissue regeneration requires 

a well-organized initial cell layer. 

These qualitative insights underscore the importance of surface-protein interactions in 

driving cell behavior and highlight the specificity of phosphonate groups toward bone cells 

compared to Ti_pNaSS. 

• Mineralization quantification : Alizarin red assay 

The differentiation of pre-osteoblast cells into mature osteoblasts is strongly influenced by the 

quality and composition of the substrate (19). As the last step of differentiation, the 

quantification of calcium production is relevant (43). Herein, we have studied the formation of 

calcium nodules by cells. Through a chelation process, the anthraquinone derivative reacts 

specifically with calcium cations to form a complex, resulting in a dark red stain. 

As shown in Figure 7, a general increase in calcium concentration is observed over time, which 

is expected since longer incubation periods allow cells to produce more calcium. It is important 

to note that fibronectin was pre-adsorbed. But interestingly, compared to a previous study where 

no protein was involved, calcium levels were significantly different between a non-grafted Ti 

and a grafted one (19). This can be attributed to the adsorbed protein layer acting as a barrier 

between the titanium surface and the cells, thereby modifying their interaction with the 

substrate. This effect can moderate or even reduce the rate of osteoblast differentiation, 

suggesting a hindering influence. Given that fibronectin (Fn) may have a particular affinity for 

sulfonate groups, this could explain the significant increase observed between 21 and 28 days 

of incubation (44) while no variation is observed in the non- grafted and pVBP grafted groups. 

 

 

 

 

 

 

 

 

 

Figure 7 : Evaluation of the calcium rates produced by the cells after 21 days and 28 days of incubation 

with the alizarin red assay (* p<0.05) 

 

 

In conclusion, this experiment underscores again the critical role of protein layers in 
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shaping subsequent biological responses. It highlights their importance in studies focused on 

the interplay between surface properties and cell behavior, emphasizing that protein-material 

interactions should be carefully considered in the design and evaluation of biomaterials. 

 

2.3. Antibacterial response 

Biofilms are a major cause of implant failure due to their resistance to host defenses and 

antibiotics (45). Beyond biocompatibility, material performance also depends on its ability to 

limit microbial growth. We therefore evaluated the bacterial inhibition of Ti surfaces, with 

and without protein adsorption, to assess the direct and indirect effects of grafted groups. Assays 

were performed with Staphylococcus aureus, a highly pathogenic strain (negatively charged) 

commonly involved in device-associated infections (46). 

The blue histogram below (Figure 8) shows an increase in viable bacterial concentrations 

upon surface contact when grafted with either pNaSS or pVBP. These observations indicate 

that the biocompatibility of the grafting evidenced earlier is not solely dependent on the 

exposed surface groups. As seen with the yellow bars, the presence of adsorbed Fn has 

dropped the bacterial concentrations by nearly 70% on polymer-grafted titanium surfaces, 

with greater reductions on Ti_pVBP. This finding indicates that Fn adsorbs specifically and 

plays a crucial role in influencing S. aureus adhesion through its organization (fibrillar or 

globular) (35), which is dictated by surface interactions. Indeed, fibronectin contains integrin-

binding domains that favor cell adhesion but might also inhibit bacterial attachment by 

physically or sterically blocking bacterial adhesins, showing a double functionality (47). The 

phosphonate-coated titanium may influence the adsorption of fibronectin, promoting a 

specific conformation or orientation of the protein that better masks bacterial adhesion 

sites. Using AFM probing, Liamas et al. (48) demonstrated that fibronectin interactions with 

chemical functional groups, such as carboxylate or methyl groups, induced either an “end-on” or 

“side-on” conformation. These conformations either concealed or exposed fibronectin's binding 

sites, affecting its interactions with cells or bacteria. 
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Figure 8: Enumeration of viable bacteria (CFV/mL) after overnight adsorption at 37°C on non-grafted and 

polymer-grafted Ti substrates. 

 

 

Surface-protein interactions and protein-bacteria strain interactions are highly specific 

processes and cannot be generalized. Each scenario results in a unique response based on the 

specific protein and bacterial strain involved. 

To illustrate this point, we tested the inhibition effect using fibrinogen (Fg). As shown in Figure 

9, no bacterial inhibition was observed, and S. Aureus levels remained high regardless of surface 

treatment. Unlike fibronectin (Fn), Fibrinogen does significantly alter its structure or orientation 

upon adsorption and appears to interact similarly with both grafted and non-grafted surfaces. 

This lack of surface specificity likely explains the constant bacterial adhesion rate observed. 

Moreover, Fg does not seem to hinder S. aureus adhesion, possibly because it does not undergo 

major conformational changes and maintains a similar biological profile across surfaces. 

Supporting this, studies using S. epidermidis have shown minimal influence of pre-adsorbed 

fibrinogen on bacterial attachment. Additionally, S. aureus expresses MSCRAMMs that 

exhibit strong affinity for human fibrinogen (49), potentially facilitating rather than preventing 

adhesion. These findings highlight the importance of the specific 

combination of grafted surface, adsorbed protein, and bacterial strain in determining the 

biological response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 : Comparison of viable bacteria concentrations (CFV/mL) between Ti substrates with fibronectin or 

fibrinogen as the adsorbed protein layer. 

Overall, this study aimed to demonstrate the specificity of one-to-one interactions between 

surface pendant groups, proteins, cells and bacteria. Although both grafted polymers are anionic 

and exhibit negative charges, their interactions with proteins and other biological molecules 
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differ significantly, leading to variations in biological responses. 

The multifactorial side of the biointegration process makes the study more complex when it 

comes to imitating what happens at the physiological scale. Here, the addition of a protein 

layer made the system more realistic. Even though the bioactive polymers are similar in their 

backbone structure and overall charge, they showed distinct affinities toward the same cell 

line, different interactions with proteins, and consequently, differing bacterial responses. 

These results support the existence of various types of interactions (chemical, electrostatic and 

hydrogen bonding) knowing that pNaSS is a salt and pVBP an acidic molecule. 

These outcomes have led us to highlight one important point: despite similar 

physicochemical properties and structures, a given response is highly dependent on the 

nature of the molecules involved at the interface. Notably, anti-bacterial adhesion is strongly 

influenced by two main factors: 

(1) the presence and nature of proteins and (2) their conformation and organization on the surface. 

 

Conclusion 

This study underscores the critical role of surface chemical groups and their influence on 

cell responses mediated by a protein layer. Using the same substrate, one was grafted with a 

salt-based polymer, the poly(styrene sodium sulfonate) and the other one with an acidic 

polymer, the poly(vinylbenzyl phosphonic acid), we have demonstrated that surface 

modifications significantly enhance biocompatibility, as reflected in increased cell viability 

rates compared to non-grafted counterparts. The protein layer, represented by fibronectin or 

fibrinogen, clearly impacted on the results. It not only provided an organic matrix that 

improved cell adhesion, as evidenced by SEM morphology analysis, but also influenced the 

antibacterial properties of the material. Our findings show that the S. aureus strain is sensitive 

to the nature of the protein: the presence of fibronectin on grafted surfaces reduced bacterial 

adhesion, whereas fibrinogen showed no significant effect, with respect to non-grafted 

surfaces. Overall, the results emphasize the specificity of one-to-one interactions and the 

necessity of considering protein layers in addition to surface properties. These outcomes pave 

the way for further research into surface characteristics such as charge, topography, and 

mechanical properties to gain a deeper understanding of the observed phenomena. 
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