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A B S T R A C T   

Bioactive glasses (BGs) are characterized by high biocompatibility and bioactivity and are particularly promising for bone tissue regeneration. Once implanted, the 
BGs interact with the environment and adsorb chemical moieties and biomolecules. Proteins in body fluids are critical for the success of implants, because the 
adsorption of specific proteins can either promote or inhibit the adhesion of surrounding tissue or other factors such as bacteria. Controlling protein adsorption by 
tailoring the surface properties of implanted biomaterials is fundamental. This can determine the fate of the implant. In the current study, four BG compositions (two 
silicates, one borosilicate, and one phosphate glass) and three model proteins (fibronectin, chimeric avidin, and streptavidin) were considered. Each BG was surface 
pretreated, and the adsorption of fluorescently labeled fibronectin, chimeric avidin, or streptavidin was monitored. Untreated surfaces were used as controls. The 
amount and spatial distribution of each protein were estimated by confocal microscopy in fluorescence modality, followed by protein clustering analysis. Although 
streptavidin was not adsorbed efficiently on any of the considered substrates, BGs were successfully coated with fibronectin and chimeric avidin. Both proteins 
showed different affinities and surface distributions as functions of the implemented pretreatment on each substrate.   

1. Introduction 

Bioactive glasses (BGs) are a recent class of biomaterials with 
interesting features such as biocompatibility, bioactivity, and osteo-
conductivity/osteoinductivity. BGs are particularly promising for 
application in bone tissue regeneration. Their highly tailorable compo-
sition allows for a wide range of physicochemical and therapeutic 
properties according to the intended purpose [1–3]. Furthermore, owing 
to their intrinsic reactivity, BGs can be superficially treated to promote 
the adsorption of biological moieties that are beneficial for the success of 
implants [4,5]. Proteins are of particular interest because they are 
involved in the first step of the reaction between a living tissue and an 
implanted BG [6]. This is crucial because it determines the fate of the 
device implanted in the human body [7–9]. The bulk and surface 
properties of a material can either promote or limit the adsorption of 
specific proteins. This affects the subsequent adhesion of body cells, with 
the recruited types changing with the adsorbed proteins or bacteria. The 
type of recruited cells can be also influenced by the previously adsorbed 
proteins [10–12]. Overall, this process determines the success of im-
plants in the short and/or long term [7,11,12]. A better understanding of 

protein adsorption mechanisms will assist in the development of smart 
surfaces for recruiting targeted proteins. Consequently, this would 
promote the adhesion of the desired cells to achieve optimal and effi-
cient tissue regeneration. Despite lacking full understanding of these 
phenomena, whose study started recently, some experiments have been 
performed to measure the affinity between the biomaterials for 
musculoskeletal applications and peptides/proteins of interest [11]. 
Fibronectin, bone sialoprotein, and bone morphogenetic proteins have 
been attached to titanium surfaces, with promising results. They 
exploited chemical-based methods such as physisorption [13], covalent 
grafting [13,14], crosslinking [15], electrochemical deposition [16], 
mechanical methods such as acid etching [13], and physical methods 
such as plasma treatments [13,17]. Indeed, mechanical and physical 
methods increase the surface-to-volume ratio and consequently increase 
the available area for protein adsorption [13,17]. BGs are considered to 
be suitable substrates for protein adsorption. Protein adsorption has 
been investigated both as a pretreatment for enhancing the in vivo 
response and for mimicking the in vivo process of protein-biomaterial 
interaction. Albumin and methemoglobin were adsorbed on 
surface-modified BG 45S5. 45S5, often referred to as Bioglass®, was the 
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first bioactive glass developed by L. L. Hench in 1969 with a composition 
of 45SiO2-6P2O5-24.5CaO-24.5Na2O in wt%. Soaking in buffer solutions 
or grafting glutaraldehyde improved the interaction between the protein 
and substrate [18,19]. In addition, fibronectin has been adsorbed on 
silicate and phosphate glasses (by washing the substrate at different pH 
and successively grafting aminosilane molecules). It was found that the 
surface physicochemical properties of the BGs and their chemical com-
positions were influential [20]. Furthermore, fibronectin-coated sur-
faces promote biocompatibility and cell activity [21]. Notably, a recent 
study investigated nonspecific protein adsorption by soaking different 
BG compositions in human blood serum. The authors evaluated the 
adsorption of 289 distinct proteins on the surfaces of interest to simulate 
and characterize the phenomena occurring after BG implantation in the 
human body [22]. Given these promising results, further studies are 
required to confirm the outcomes and deepen our understanding of the 
dynamics of protein adsorption on BGs. Our recent study evaluated the 
impact of various treatments on the physicochemical properties of the 
surfaces of four BGs (two silicates, one borosilicate, and one phosphate 
glass). The treatments involved soaking these BGs in either tris 
(hydroxymethyl)aminomethane (TRIS) or simulated body fluid (SBF) 
solutions and grafting with either 3-aminopropyltriethoxysilane 
(APTES) or quaternized APTES (Q-APTES). Wettability, surface 
charge, and surface chemistry can be tailored by treatment [23]. 

Here, we expand research on the influence of the physicochemical 
properties of BGs on protein adsorption. Three model proteins (fibro-
nectin, chimeric avidin, and streptavidin) were adsorbed by four 
different BGs before and after surface treatment. Model proteins were 
selected owing to their chemical characteristics and potential roles in 
future applications. Fibronectin is commonly used in BG studies, as it is a 
ubiquitous extracellular matrix protein that is crucial in wound healing 
and tissue repair. It is also a prominent attachment factor for cells, and 
generally improves the biocompatibility of BGs. For these reasons, 
fibronectin is of interest both to mimic and study the biological response 
and to pre-coat the surface before implantation to enhance the biological 
response itself [20,21]. However, fibronectin has a complicated struc-
ture and multiple biological functions (Fig. 1). Meanwhile, chimeric 
avidin has a high affinity for the small ligand biotin, which has been 
used in a range of biotechnological applications. Avidins are relatively 
small homotetrameric proteins (Fig. 1). Finally, avidin and biotin form a 
strong bond that can be used to further functionalize avidin-coated BGs 
with biotinylated therapeutic small molecules or with a mixture of 
different attachments or growth factors, expanding the usability of BGs 
[24–26]. Furthermore, avidins exhibit antibacterial properties [27]. The 
aim of the current study was to assess which surface is more suitable for 
the adsorption of the three model proteins. 

2. Materials and methods 

2.1. Bioactive glasses (BGs) 

Four BG compositions were produced using the melt quench method 
(S53P4, B25, SCNB, PhGlass). Their nominal compositions, expressed in 
molar percentages (mol %), are listed in Table 1. 

Belgian quartz sand (SiO2), (CaHPO4) 2H2O, H3BO3, Na2CO3 and 
CaCO3 were used as precursors for the silicate and borosilicate glass 
preparation. Belgian quartz sand (SiO2), Ca(PO3)2, NH6PO4, (NaPO3)6, 
SrCO3, and MgO were used for the phosphate glass. The protocol for 
producing Ca(PO3)2 is described in [20]. All the precursors were 
weighed and mixed in an alumina mortar. Silicate and borosilicate 
glasses were melted in a platinum crucible, while phosphate glass was 
melted in a silica crucible, as described in [23]. 

Midway through the melting point, the melts were mixed to ensure 
high homogeneity. The melts were cast into a graphite cylindrical mold 
(Ø = 10 mm), previously preheated at 360 ◦C, and annealed. The rods 
were cut into 2 mm thick discs and polished with silicon carbide (SiC) 
sandpaper (#320, #500, #800, #1200, #2500, #4000). The samples 
were stored at room temperature (around (24 ± 2) ◦C) in a desiccator. 

Four pre-treatments were implemented on each substrate: soaking in 
(i) 0.05 M tris(hydroxymethyl)aminomethane (TRIS) buffer solution, or 
(ii) simulated body fluid (SBF), and silanization by grafting either (iii) 3- 
aminopropyltriethoxysilane (APTES) or (iv) quaternized APTES (Q- 
APTES). Q-APTES was synthesized as described previously [23]. Briefly, 
5 ml of APTES (99%, Sigma-Aldrich) and 50 ml of dry chloroform 
(≥99.8%, Honeywell) were poured into a sealed tube, and 10 ml of 
1-hexylbromide (98%, Sigma-Aldrich) was added under an inert atmo-
sphere. The reaction, having place at 50 ◦C for 24 h monitored by 
thin-layer chromatography (TLC) for its proper tracking. The solvent 
was then removed using a rotary evaporator (55 ◦C, 185 rpm), affording 
a yellowish crude product. The crude product was purified by multiple 
washes with chloroform and ethyl acetate, dispersed in chloroform, 
sonicated for 5 min, and then filtered. This procedure was repeated 3 
times in chloroform and successively in ethyl acetate (Merck KGaA, 
ethyl acetate). The pure product was finally maximum dried in a rotary 

Fig. 1. Schematic molecular structure of fibronectin 
and chimeric avidin/streptavidin. Fibronectin is 
dimeric protein, where monomers (~250 kDa each) 
are linked with C-terminal disulphides. Chimeric 
avidin and streptavidin are structurally analogous 
homotetrameric proteins, each monomer having a 
binding site for biotin. The variable region in fibro-
nectin is indicated by yellow sphere. (For interpreta-
tion of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article).   

Table 1 
BG nominal composition (mol %).   

SiO2 P2O5 B2O3 Na2O CaO SrO MgO 

S53P4 53.85 1.72 – 22.66 21.77 – – 
B25 40.39 1.72 13.46 22.66 21.77 – – 
SCNB 55.60 – – 22.70 21.70 – – 
PhGlass 2.50 45.00 2.50 10.00 20.00 10.00 10.00  
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evaporator for 2 h under vacuum (55 ◦C, 185 rpm) and in a vacuum oven 
overnight at 37 ◦C. The Q-APTES solution for pre-treating BGs was 
prepared by dissolving 70 mg of the final product overnight in 150 ml of 
ethanol (96% vol., VWR) under stirring (50 ◦C, 400 rpm). 

TRIS buffer solution (0.05 M) was prepared by dissolving 1.66 g 
Trizma® Base (Trizma® Base, Primary standard and buffer, ≥99.9% 
(titration), crystalline, Sigma Aldrich) and 5.72 g of Trizma® HCl 
(Trizma® hydrochloride, reagent grade, ≥99.9% (titration), crystalline, 
Sigma Aldrich) in 1 L of distilled water. The solution was then stabilized 
for 3 h at 37 ◦C in a hot bath to ensure a pH value of 7.40 ± 0.02 at (37.0 
± 0.2) ◦C. SBF was prepared according to Kokubo’s protocol, as reported 
in [28]. The final pH (7.40 ± 0.01) at (36.5 ± 0.1) ◦C was imposed by 
dissolving 6.118 g Trizma® Base and buffering the solution with 1 M 
HCl. Both solutions were stored at 4 ◦C and utilized within one month. 

TRIS and SBF treatments were implemented by soaking each BG 
sample in 50 ml of the respective solutions and incubating for 72 h at 
37 ◦C. Subsequently, the discs were removed and dried. 

Silanization was performed as described previously [29,30]. Briefly, 
the samples were sonicated for 5 min in acetone and three times in 
distilled water. Subsequently, they were soaked for 6 h in 150 ml ethanol 
(96% vol., VWR) solution, where either 70 μL of APTES (99%, 
Sigma-Aldrich) or 70 mg of Q-APTES were dissolved [23]. The samples 
were then dried 1 h at 100 ◦C, sonicated for 5 min in ethanol, and finally 
dried again for 1 h at 100 ◦C. 

All the treated samples were stored in multi-well plates in a 
desiccator. 

2.2. Proteins 

Three proteins were adsorbed onto the BG surfaces: fibronectin (fn), 
chimeric avidin (ChiAvd), and streptavidin (StrAvd). Fibronectin is a 
relatively large (monomer ~ 260 kDa) multi-domain protein that di-
merizes via C-terminal disulfides. Fibronectin is highly soluble but fibril 
formation can be induced, leading to insoluble protein assemblies [31]. 
Chicken avidin and its bacterial cousin streptavidin are homotetrameric 
proteins with high affinity for biotin. This property could be exploited in 
successive studies to further functionalize materials via biotinylated 
agents, such as enzymes or growth factors [32], in which an ultrastable 
non-glycosylated recombinant variant of chicken avidin was used, 
termed ChiAvd [32]. Chimeric avidin and streptavidin are similar in size 
(~60 kDa) and oligomeric state, but differ in terms of surface charge; 
streptavidin is negatively charged (pI ~ 5) and ChiAvd positively 
charged (pI ~10). Fig. 1 shows the structures of the proteins used in this 
study. 

2.2.1. Protein extraction 
Proteins were extracted and purified from different sources. 
Fn was extracted from human plasma preparations (octaplas). The 

full protocol was described in [33]. Briefly, 200 ml of Octaplas were 
warmed up to 37 ◦C inside a thermal bath, 2 mM phenylmethylsulfonyl 
fluoride (PMSF) and 10 mM ethylenediamine tetra-acetic acid (EDTA) 
were added. The solution obtained was centrifuged at 10′000 g for 15 
min and purified using gelatin affinity chromatography (Gelati-
n-Sepharose 4 B; GE Healthcare) at a flow rate of 1–5 ml/min. Fn was 
eluted with phosphate-buffered saline (PBS) containing 3 M urea and 
dialyzed in PBS. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed to confirm the degree of purity. The 
purified fn was stored at − 80 ◦C. 

ChiAvd was recombinantly expressed in Escherichia coli (E. coli) and 
purified using affinity chromatography [34]. Briefly, E. coli single col-
onies were inoculated into lysogeny broth (LB) medium with the 
appropriate antibiotics, and the preculture was incubated for 6 h at 
37 ◦C (200 rpm). The preculture was then placed in a fermentation 
medium (R2-medium). The R2-medium was prepared by first dissolving 
2 g (NH4)2HPO4, 6.75 g KH2PO4, 0.85 g citric acid and 2 g yeast extract 
in 1 L of ultrapure water, autoclaving the solution and successively 

adding 0.2 μm-filtered solutions of 1.4 ml MgSO4 (0.5 g/ml), 20 ml 
glucose (0.5 g/ml) and 5 ml trace metals. The composition of the trace 
metal 200x stock solution is shown in Table 2. Fermentation, lasting 24 
h, was implemented in a Labfors Infors 3 fermentor (Infors HT, Bott-
mingen, Switzerland) at 28 ◦C, maintaining the oxygen level (pO2 =

30%) and the pH (6.8) constant by continuous pH monitoring and 
eventual buffering with 15% NH3 solution. 

The antifoam agent Struktol J 647 (Schill + Seilacher, Hamburg, 
Germany) was added to prevent foam formation, and the feeding liquid 
was progressively added to the culture while maintaining the desired 
oxygen level. After 12 h, 1 mM isopropyl-β-D-1-thiogalactopyranoside 
(IPTG) was added and the temperature was decreased to 25 ◦C. Finally, 
the cells were collected by centrifugation and ChiAvd was purified with 
2-iminobiotin-SepharoseTM 4 Fast Flow (Affiland, Liège, Belgium) from 
E. coli lysate. Analogous to fn preparation, SDS-PAGE was performed to 
confirm the degree of purity, and the protein was stored at − 80 ◦C. 

StrAvd, a recombinantly expressed protein, was obtained from 
Thermo Fisher Scientific (catalog number:21125). 

All the proteins studied here (fn, ChiAvd, StrAvd) were labeled with 
the fluorophore Alexa Fluor 488-NHS ester (Succinimidyl Ester, Thermo 
Fisher Scientific) and detected by confocal fluorescence microscopy, 
once adsorbed by the BGs. The dye was dissolved in dimethyl-sulfoxide 
(DMSO) to obtain a solution with a final concentration of 10 mg/ml 
(15.5 mM). The dissolved dye was added to the protein solution (5–10 
mg/ml protein in 0.1–0.2 M sodium bicarbonate buffer pH 8.3) while 
gently stirring and incubated at RT for 1 h with continuous stirring. To 
separate the labeled-protein solution and the unreacted fluorophore, 
extensive dialysis was performed with 50 mM Na-phosphate and 100 
mM NaCl (pH = 7) using a 10 kDa cut-off membrane. The solutions 
obtained with labeled proteins are referred to as 488-fn, 488-ChiAvd, 
and 488-StrAvd, respectively. 

After the extraction and labeling, the labeled protein solutions were 
aliquoted and stored at − 20 ◦C. 

2.2.2. Degree of labeling (DOL) 
The DOL of the protein solutions, defined as the concentration of the 

fluorophore divided by the concentration of the protein of interest, was 
determined using UV–Vis spectroscopy (NanoDrop One, UV–Vis spec-
trometer, Thermo Scientific), which can assess the concentration of the 
grafted fluorophore and, consequently, of the protein of interest. A 2 μL 
drop of each solution (488-fn, 488-ChiAvd, and 488-StrAvd) was placed 
on the sensor using a micropipette. The absorbance values correspond-
ing to wavelengths of 280 and 495 nm were measured. Finally, the DOL 
was calculated by applying Lambert–Beer law [35]. The resulting DOL 
values were 7.46, 1.65 and 0.91 labels per protein monomer for 488-fn, 
488-ChiAvd and 488-StrAvd, respectively. These corresponded to pro-
tein concentrations of 4.55, 7.68 and 7.51 mg/ml, respectively. 

2.2.3. Protein adsorption on BGs 
Protein concentration on BGs, labeled (488-fn, 488-ChiAvd, 488- 

StrAvd) and non-labeled (fn, ChiAvd, StrAvd), was set to 15 μg/ml by 
dilution with PBS [20,21]. Protein adsorption was conducted in tripli-
cate as follows. The BG substrates (untreated and pre-treated) were 
placed in a multi-well plate, and a 200 μL drop of 15 μg/ml protein 

Table 2 
Composition of the trace metal 200x stock solution for R2- 
medium preparation.  

FeSO4 ⋅ 7 H2O 10 g 
CaCl2 ⋅ 2 H2O 2 g 
CuSO4 ⋅ 5 H2O 1 g 
ZnSO4 ⋅ 7 H2O 2.5 g 
(NH4)6Mo7O24 ⋅ 4 H2O 0.1 g 
Na2B4O7 ⋅ 10 H2O 0.23 g 
HCl 37% 415 ml 
Ultrapure H2O to 1000 ml  
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solution (labeled or non-labeled) was deposited on the surface of each 
sample. Two negative controls were prepared by depositing either a 200 
μL drop of PBS or a 200 μL drop of non-labeled protein on the BG sur-
faces. A coverslip (Precision cover glasses thickness No. 1.5H, Mar-
ienfeld Superior), on which a 200 μL-drop of the labeled protein was 
deposited, was used as a control. All the samples were incubated for 1 h 
at 37 ◦C. The samples were then mounted on a glass-bottom multi-well 
plate (SensoPlate™, 24-well plates, VWR) with a drop of a liquid 
mountant (ProLong™ Gold Antifade Mountant, Thermo Fisher Scienti-
fic). The samples were then gently positioned on the multi-well plates, 
with the surface of interest in contact with the bottom of the well to 
interface with the mountant. The samples were left to dry at RT over-
night, covered with aluminum foil to protect them from light sources, 
and then analyzed by fluorescence confocal microscopy the next day. 

2.3. Fluorescence confocal microscopy 

Confocal microscopy (LSM800 GaAsP-Pmt1, Zeiss) was used to 
assess the degree of adsorption of labeled proteins on the materials. The 
laser settings were adjusted so that the autofluorescence from the sub-
strate and the non-labeled proteins (negative control) were set close to 
zero and then subtracted from the images during analysis. Images were 
obtained using a Plan-Apochromat 63x/1.40 Oil DIC M27 objective lens. 
The channel imposed was relative to that of the dye (Alexa Fluor 488- 
NHS). The pinhole was set as 3.60 AU/156 μm. Experiments were per-
formed in triplicate. Three randomly selected areas (1024 × 1024 
pixels) were imaged on each surface of interest. All images were ac-
quired and extracted using ZEN Blue 2.3 software (Zeiss) with the same 
settings. 

Images were processed using an algorithm in MATLAB R2020a. The 
total fluorescence intensities were extracted from each image and 
averaged. The intensities recorded at the surface of the pretreated 
glasses were normalized to the intensity of the corresponding protein- 
coated bare glasses, and the untreated BG intensity was set to a value 
of 1. Normalization was performed to assess the increase or decrease in 
protein adsorption compared to the untreated surface. 

2.4. Protein cluster analysis 

To investigate the protein distributions on the surface of the sub-
strates as a function of the pretreatment and to quantify the protein 
aggregation on the surfaces, an analysis of the protein clusters was 
performed as in [20], using the software CellAging [36]. After automatic 
segmentation followed by manual corrections, the number of clusters 
and their fluorescence were extracted using CellAging. An example of 
the results of the cluster segmentation is shown in Fig. 2. 

The average pixel fluorescence intensities of the clusters, referred to 
as fluorescence per cluster, were obtained by summing the fluorescence 

of the clusters relative to their area and then dividing that by the number 
of clusters. To highlight the effects on protein adsorption as a function of 
pre-treatment, each parameter was normalized for each BG composition, 
using the value obtained for the untreated control sample (bare). 

3. Results and discussion 

The surfaces of the BG samples (S53P4, B25, SCNB, and PhGlass) 
were analyzed after labeled protein adsorption (488-fn, 488-ChiAvd, 
and 488-StrAvd) using fluorescence confocal microscopy. The calcula-
tion of the degree of labeling was fundamental for estimating the 
amount of adsorbed proteins on the surfaces and qualitatively evalu-
ating their spatial distribution. The laser intensities were adjusted so 
that no significant autofluorescence was detected from the substrates in 
any of the pretreatments. 

The adsorption of 488-fn and 488-ChiAvd was successful for all the 
substrates. Each substrate (composition and treatments) presented a 
different affinity for the proteins because the fluorescence intensities 
and surface distributions differed (Figs. 3 and 4). No fluorescence was 
detected after 488-StrAvd adsorption, suggesting that 488-StrAvd was 
not adsorbed onto any of the substrates. Previous studies have reported 
an almost null surface charge (slightly negative) characterizing strep-
tavidin at physiological pH, which could explain the absent or negligible 
interactions with the substrates [37,38]. Therefore, we focused on 
488-fn and 488-ChiAvd. 

The mean fluorescence intensities for each glass composition, treat-
ment, and both proteins are presented in Fig. 5. 

Bioactive glass S53P4 is FDA-approved and commercially available. 
S53P4 is suitable for regeneration of critical bone defects [39]. This glass 
is osteostimulative and can prevent osteomyelitis to some extent [39, 
40]. The authors have already published the impact of silanization on 
surfaces washed under acidic, neutral, or basic conditions on fibronectin 
adsorption. Fibronectin had better adsorption on surfaces washed under 
neutral conditions and further silanized compared to the untreated 
condition [20]. A subsequent study indicated that when seeded with 
fibroblasts, S53P4 coated with fibronectin increased the cell attachment 
and proliferation on the biomaterial surface [21]. In this study, we 
assessed the impact of surface treatments on the adsorption abilities of 
fibronectin and chimeric avidin. As in [23,41], immersion in TRIS led to 
the precipitation of sporadic hydroxyapatite nodules but mainly to the 
formation of a hydrated layer at the glass surface. Immersion in SBF led 
to the precipitation of a thick hydroxyapatite/hydroxycarbonate apatite 
(HA/HCA) layer [4,23,42]. The net surface charge was less negative 
upon immersion in both TRIS and SBF (from − 47.88 mV for the bare 
sample, to − 12.12 mV and − 5.64 mV for the TRIS and SBF treated 
samples, respectively) [23]. Soaking S53P4 in TRIS/SBF preserved the 
same affinity as 488-fn, as observed by the comparable fluorescence 
intensity (Fig. 5(A)) with the tendency of the protein to aggregate into 

Fig. 2. Example of protein clusters’ segmentation 
following the 488-fn adsorption on the surface of 
PhGlass APTES. (A) Results of automatic cluster seg-
mentation. The borders detected of the identified 
protein clusters are represented by the red lines. (B) 
Areas of each cluster identified in (A) were colored to 
visually determine the quality of the segmentation. 
These were used for potential manual corrections, 
when needed. The scalebars represent 20 μm. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article).   
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macro-clusters, creating a less uniform surface distribution (Fig. 3 
(B–C)). Specifically, after immersion in TRIS, S53P4 exhibited a slightly 
higher fluorescence intensity and a different surface distribution than 
the untreated surface. On TRIS-treated S53P4, 488-fn appears to adhere 
to the precipitated phase organized in partially detached layers, whose 
higher intensity on the edges suggests their tendency to create back-
folded structures. Conversely, after immersion in SBF, despite the higher 
tendency of 488-fn to adhere to the surface, non-uniform protein 
adsorption occurred, as shown by the larger error bar (Fig. 5(A)). This 
may be due to the higher roughness (as shown previously in [23]) 
induced by the precipitation of HA/HCA, which exposes a larger inter-
action area owing to the higher surface-to-volume ratio [23,43]. Con-
cerning silanization, S53P4 showed an increase in affinity with 488-fn 
after APTES grafting, given the higher fluorescence intensity (Fig. 3(D) 
and 5(A)), as well as a more uniform and homogeneous surface 
coverage, while preserving the same affinity in the case of Q-APTES 
(Fig. 3(E) and 5(A)). In the case of 488-ChiAvd, no significant 
improvement in its adsorption on S53P4 was observed after pretreat-
ment. The difference between APTES and Q-APTES may lie in the ratio 
between the neutral and protonated amino groups, leading to the 
modulation of surface charge/hydrophobicity. Indeed, APTES func-
tionalization led to a greater density of protonated amino groups than 
functionalization with Q-APTES [23]. This is consistent with the pref-
erential binding of fibronectin to positively charged surfaces [44]. 
Conversely, chimeric avidin shows lower affinity to the treated surfaces 
(Fig. 4(A-E), 5(B)) due to the preferential binding of chimeric avidin to 

negatively charged surfaces [45]. However, APTES- and Q-APTES--
grafted S53P4 uniformly covered the surface. 

The B25 composition is based on S53P4, where 25 wt % of the SiO2 
content is substituted with B2O3, yielding borosilicate glass [4,46]. It is 
noteworthy that B25 bioactive glass has a lower hydrolytic resistance 
than S53P4 and promotes the conversion of the glass into HA/HCA at a 
higher rate. For instance, we previously observed that B25 immersed in 
TRIS promoted the precipitation of a thick HA/HCA reactive layer on the 
glass surface [4,23]. Therefore, it can be assumed that the surface 
chemical natures of the B25 glass immersed in TRIS and SBF are iden-
tical. Fibronectin adsorption revealed no significant difference between 
the bare sample and the samples immersed in TRIS or SBF (Fig. 3(G-H) 
and 5(C)). This is related to the high density of hydroxyl groups in both 
bare glass and hydroxyapatite [23,47]. However, an increase in fibro-
nectin affinity was observed in the silanized samples (Fig. 3(I-J) and 5 
(C)). The surface coverage was more uniform on APTES-treated B25. In 
contrast, Q-APTES induced only slight protein aggregation. These ag-
gregations could have been caused by fibronectin unfolding when 
adsorbed on the surface. This promotes polymerization, and conse-
quently, fibrillogenesis [48]. As mentioned, this can be due to the 
preferential binding of fibronectin to positively charged amino groups 
[23]. The fluorescent signal of 488-ChiAvd adsorbed on silanized B25 
was comparable to that on the untreated substrate, although the dis-
tribution was less homogeneous (Fig. 4(F-J), 5(D)). Neither TRIS nor SBF 
caused significant changes in surface distribution, but a small decrease 
in 488-ChiAvd surface binding affinity was suggested by the lower 

Fig. 3. Representative images showing 488-fn adsorption on the surface of: (A) bare, (B) TRIS, (C) SBF, (D) APTES and (E) Q-APTES S53P4; (F) bare, (G) TRIS, (H) 
SBF, (I) APTES and (J) Q-APTES B25; (K) bare, (L) TRIS, (M) SBF, (N) APTES and (O) Q-APTES SCNB; (P) bare, (Q) TRIS, (R) SBF, (S) APTES and (T) Q-APTES 
PhGlass. The scalebars are 10 μm. 
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fluorescent signal (0.52 and 0.48 times the fluorescence of the bare 
substrate after soaking in TRIS and SBF, respectively). 

SCNB bioactive glass is more stable than S53P4 because its initial 
composition does not contain phosphorus. Therefore, while immersion 
in SBF promotes the precipitation of HA, immersion in TRIS only pro-
motes the formation of a hydrated layer [23,49]. SCNB showed a 
significantly increased affinity to 488-fn after each of the pre-treatments 
(TRIS, SBF, APTES, Q-APTES) compared to the untreated surface (Fig. 3 
(K–O), 5(E)). Soaking the substrate either in TRIS or SBF increased the 
fluorescent signal ~5 times more than that on the untreated substrate. 
Despite the comparable fluorescence between TRIS- and SBF-treated 
surfaces, the surface distribution of 488-fn differed: TRIS-treated SCNB 
presented a clustered coverage with some areas devoid of fluorescence 
signal, whereas a more homogeneously covered surface was observed on 
the SBF-treated substrate (Fig. 3(L-M)). This can be explained by the 
different chemistries of the two surfaces. The hydrated TRIS-treated 
SCNB is characterized by a smoother surface than the SBF-treated sub-
strate which, due to the HA/HCA precipitation, exposes a higher area for 
the protein-biomaterial interactions, similar to S53P4 [23,43,49]. Sila-
nization induced a higher fluorescent signal (~2 times higher than that 
on the bare substrate) and more uniform coverage of the surface, espe-
cially on APTES-treated SCNB. Q-APTES also induced a few 488-fn 
macroaggregations on a more homogeneous protein layer. Similar to 
what was observed for Q-APTES-treated B25, surface-induced fibro-
nectin fibrillogenesis may occur under these conditions [48]. In the case 

of 488-ChiAvd, TRIS significantly increased the affinity between SCNB 
and 488-ChiAvd, inducing a 2 times higher fluorescent signal (Fig. 5(F)). 
The protein distribution was uniform on the grains of the precipitated 
reactive layer, whereas no protein was detected in the gaps between 
them (Fig. 4(L)). In contrast, SBF and APTES drastically decreased the 
affinity to 488-ChiAvd (Fig. 4(M) and 5(F)), likely owing to the lower 
absolute value of the zeta potential [45]. The affinity between the pro-
tein and SCNB decreased drastically after silanization with APTES. 
Conversely, it was preserved in the case of Q-APTES, through which 
analog fluorescence was maintained, as well as a similar surface distri-
bution, compared to the bare substrate (Fig. 4(K–O), 5(F)). 

Phosphate glasses are bioresorbable and degrade congruently. Im-
mersion in TRIS and SBF promoted the formation of a reactive layer, 
which was assigned to dicalcium phosphate dihydrate [23]. Further-
more, based on previous studies, alkaline and alkaline earth depletion of 
the top surface can be expected [50]. Another metaphosphate glass was 
surface functionalized using APTES. Surface functionalization increased 
the fibronectin affinity and promoted cell adhesion, whereas the cells 
could not attach to the material without a fibronectin coating [20,21]. In 
accordance with previous studies on metaphosphate glasses [20,21], we 
found no affinity for 488-fn on a bare substrate (Fig. 3(P), 5(G)). This is 
maintained on the TRIS- and SBF-soaked samples, as observed by the 
comparable fluorescent signals close to zero (Fig. 5(G)) and agrees with 
the characteristic congruent dissolution and ion depletion [50]. How-
ever, silanization induced a significant improvement in 488-fn 

Fig. 4. Representative images showing 488-ChiAvd adsorption on the surface of: (A) bare, (B) TRIS, (C) SBF, (D) APTES and (E) Q-APTES S53P4; (F) bare, (G) TRIS, 
(H) SBF, (I) APTES and (J) Q-APTES B25; (K) bare, (L) TRIS, (M) SBF, (N) APTES and (O) Q-APTES SCNB; (P) bare, (Q) TRIS, (R) SBF, (S) APTES and (T) Q-APTES 
PhGlass. The scalebars are 10 μm. 
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adsorption on this substrate (Fig. 3(S-T), 5(G)), as previously reported 
[20], where grafting APTES on PhGlass led to a 20 times stronger 
fluorescent signal than that on the untreated substrate, whereas after 
grafting with Q-APTES, the signal was 80 times higher (Fig. 5(G)). The 
surface distribution of 488-fn was quite homogeneous on the 
APTES-treated surface, whereas the coverage was even more uniform in 
the case of grafted Q-APTES (Fig. 3(S-T)). 488-ChiAvd presented a 
higher affinity to bare PhGlass compared to 488-fn (Figs. 4 and 5). A 
similar preference was preserved after silanization, with comparable 
fluorescent signals and comparable distributions (Fig. 4(S-T), 5(H)). The 

coverage was slightly more uniform in the case of APTES and with the 
presence of some macro-aggregations in the case of Q-APTES (Fig. 4 
(S-T)). 

For a deeper, quantitative analysis of proteins adsorption and their 
distribution over the surfaces of interest, a semi-automated image 
analysis was performed on the clusters in the confocal microscopy im-
ages. The relative numbers of clusters (no. clusters), and the fluores-
cence intensity per cluster was evaluated and compared as a function of 
the pretreatment of each BG composition, as in [20]. The values were 
normalized to the respective bare substrates to compare the effect of the 

Fig. 5. Normalized average relative fluorescence in-
tensity of the different BGs after 488-fn/488-ChiAvd 
adsorption. Intensities were normalized with setting 
the untreated BG intensity to value of 1. Data from 
the surfaces of (A) 488-fn-coated and (B) 488-ChiAvd- 
coated S53P4, (C) 488-fn-coated and (D) 488-ChiAvd- 
coated B25, (E) 488-fn-coated and (F) 488-ChiAvd- 
coated SCNB, (G) 488-fn-coated and (H) 488- 
ChiAvd-coated PhGlass. Graphs are showing tripli-
cate samples with standard deviation. Vertical error 
bars represent the standard deviation from the 
triplicates.   
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pre-treatments on protein adsorption. The results were reported for 
488-fn (Fig. 6) and 488-ChiAvd (Fig. 7). 

Silicate and borosilicate BGs (S53P4, B25, SCNB) generally indicated 
a decrease in the number of 488-fn clusters and an increase in the 
fluorescence intensity (total and per cluster, as shown in Figs. 5 and 6 
(B), respectively) after each pre-treatment. This suggests a higher and 
more uniform adsorption of the protein after the pretreatment of the 
substrates. The decrease in the number of 488-fn clusters is evident after 
soaking the surface in TRIS/SBF, whereas in the case of silanization 
(APTES/Q-APTES), the values are closer to those in the untreated sur-
faces (Fig. 6(A)). This can be explained by the different roughness/ 
surface topography of these substrates (presented in [23]): silanized 
silicate/borosilicate BGs have a surface roughness comparable to that of 
untreated BGs, while the reactive layer and the phase precipitated after 
soaking in TRIS/SBF contributed to an increase in the contact surface 
area. The higher area available for interactions with proteins, as well as 
the presence of microcavities on these surfaces, may contribute to a 
more homogeneous 488-fn distribution on TRIS- and SBF-soaked sub-
strates [23]. Indeed, it is expected that the fibronectin size of 120–160 
nm [51] and that of HA/HCA nodules of 50–60 nm [52], leading to 
microcavities smaller than the size of the protein when the HA/HCA 
layer is fully formed. In such cases, the surface roughness stabilizes 
through the interaction with the microcavities and the protein coating 
against folding and fibrillogenesis, thereby decreasing their ability to 
reassemble on the surface [53]. Furthermore, there is a similar trend 
between silanized silicate/borosilicate glasses, for which the fluores-
cence per cluster was twice as high as that on bare substrates (Fig. 6(B)). 
This agrees with previous studies [20]. Concerning soaking in TRIS/SBF, 
a different behavior was observed: the fluorescence per cluster of silicate 
glasses (S53P4, SCNB) was four times more intense, whereas the boro-
silicate glass (B25) maintained statistically comparable values before 
and after the treatment (Fig. 6(B)). Overall, the fluorescence per cluster 
measured for each surface correlated well with the total fluorescence 
(Fig. S1). This confirms the generally uniform coverage of the surfaces of 
silicate/borosilicate BGs by 488-fn. The only exceptions include TRIS-, 
SBF-, and Q-APTES-treated S53P4, for which the increase in fluores-
cence per cluster was higher than the increase in total fluorescence, 
which is in accordance with the less homogeneous 488-fn distribution 
on these surfaces, as previously observed by qualitative evaluation 
(Fig. 3(A-E)). 

Concerning 488-ChiAvd (Fig. 7), only a weak correlation was 
observed between the number of clusters and the fluorescence per 
cluster on the silicate and borosilicate glasses. We also did not observe 
any specific trend characterizing the analyzed surfaces for 488-fn. This 
may be related to the fact that avidins do not form a polymer layer like 
fibronectin does. Therefore, it is impossible to induce local polymeri-
zation via surface chemistry [48,54]. Silicate glasses (S53P4, SCNB) 
show analogous numbers of clusters after each pretreatment, which are 
statistically comparable to the value on the untreated surface (Fig. 7(A)). 
Conversely, borosilicate glass (B25) presented a strong increase in the 

number of clusters after soaking in TRIS and after silanization 
(APTES/Q-APTES), which was approximately seven times higher than 
that on the bare substrate (Fig. 7(A)). This is consistent with the less 
homogeneous 488-ChiAvd coverage on these substrates, as qualitatively 
observed in Fig. 4(F-J). In contrast to 488-fn, the fluorescence emitted by 
488-ChiAvd from the silicate and borosilicate glasses showed the same 
trend, with no significant difference between the total and per-cluster 
values (Fig. 5(B, D, F), 7(B)). This can be interpreted as an overall 
stronger adsorption and more uniform surface coverage [20]. Generally, 
silanized silicate and borosilicate BGs (APTES/Q-APTES) presented 
similar fluorescence compared to untreated substrates, suggesting no 
significant difference in 488-ChiAvd adsorption after silanization. 
Soaking in TRIS and SBF decreased the affinity between 488-ChiAvd and 
the substrates, given the lower fluorescence and comparable/lower 
number of clusters (Fig. 7). This can be explained by the more homo-
geneous distribution of Si–OH groups, compared to the bare substrates, 
owing to the high hydration induced by the treatments. The only 
exception is TRIS-treated SCNB, whose fluorescence (total and per 
cluster) nearly doubled (Fig. 5(F) and 7(B)), probably because of the 
absence of phosphorus in its bulk composition and the consequent 
different surface chemistry [49]. Indeed, phosphorus-free BGs, as re-
ported in previous studies, showed limited bioactivity in environments 
that do not contain any phosphorus (such as TRIS) because of the 
absence of this element, which is fundamental for HA/HCA precipitation 
[23,49]. 

The phosphate glass (PhGlass), as observed by confocal microscopy, 
did not present any measurable affinity to 488-fn when untreated and 
after soaking in TRIS/SBF (Fig. 6). The number of clusters decreased 
after soaking PhGlass in TRIS/SBF, while the fluorescence (both total 
and per cluster) showed no statistical difference from that of the bare 
substrate (Fig. 5(G), 6(B)). Instead, a significant increase in the number 
of clusters and fluorescence per cluster was observed after silanization, 
especially with Q-APTES (Fig. 6). Furthermore, the greater increase in 
the total fluorescence (~20 and ~80 times higher after grafting APTES 
and Q-APTES, respectively, than in untreated substrates) and in the 
fluorescence per cluster (approximately 4 and 9 times, respectively) 
confirmed the highly uniform coverage of the surface by the protein 
with few aggregations (Fig. 5(G), 6(A)). These results are consistent with 
those of a previous study that investigated 488-fn adsorption on three 
different compositions of phosphate glasses [20]. 

In contrast, the number of 488-ChiAvd clusters on PhGlass did not 
indicate any statistical difference from the bare surface after any pre-
treatment (Fig. 7(A)). The fluorescence per cluster showed a trend 
analogous to the total fluorescence, suggesting that the fluorescence was 
primarily emitted by the clustered protein, consistent with what was 
qualitatively observed in Fig. 4(P-T). The lower fluorescence per cluster 
after soaking PhGlass in TRIS/SBF (nearly half the intensity compared to 
the initial one) suggests a lower affinity between 488-ChiAvd and the 
treated substrate, probably due to congruent dissolution and ion 
depletion [23,50,55,56]. The fluorescence (total and per cluster) did not 

Fig. 6. 488-fn cluster analysis on bare (untreated) and pre-treated substrates: (A) relative number of clusters (No. clusters) and (B) relative fluorescence per cluster. 
Average of three independent tests. Vertical error bars are the standard deviation from the triplicates. 
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indicate significant differences after silanization (APTES/Q-APTES), 
confirming the maintenance of the same affinity and surface distribution 
on silanized PhGlass, as observed qualitatively in Fig. 4(P-T). 

4. Conclusions 

We compared the adsorption of model proteins on different surface- 
treated BG compositions and correlated it with the physicochemical 
properties of the substrates. Four BG compositions (two silicates, one 
borosilicate, and one phosphate glass) and four surface modifications 
(soaking in TRIS or SBF, grafting of APTES, or Q-APTES) were consid-
ered. Untreated surfaces were used as the controls. Fibronectin, chimeric 
avidin, and streptavidin were considered model proteins and labeled for 
detection and quantification by confocal microscopy in fluorescence 
modality. Fibronectin and chimeric avidin were successfully adsorbed 
onto the substrates, with affinity and surface distribution differing from 
the physics and chemistry of each surface. Streptavidin was not affine to 
any substrate, potentially because of the charge repulsion. Further 
image processing was performed to quantitatively determine the 
amount and surface distribution of fibronectin and the chimeric avidin. 

Stronger and more homogeneous adsorption of fibronectin on all BGs 
was observed after silanization, particularly on the phosphate glass 
(Fig. 3). Uniform coverage was also obtained by soaking the silicate and 
borosilicate glasses in TRIS/SBF (Fig. 3). This suggests that surface 
chemistry is critical in the affinity between the proteins and substrates, 
while roughness mainly affects the homogeneity of the coverage. 

The adsorption of chimeric avidin was less substrate-dependent than 
fibronectin, indicating increased adsorption and higher homogeneity 
after silanization, as well as a lower amount of adsorbed protein after 
soaking in TRIS/SBF when compared to the untreated surface (Fig. 4). 

Overall, it was observed that the TRIS- and SBF-treated BGs pre-
sented higher variability in the response to protein adsorption. This was 
hypothesized to be related to the different glass compositions, rough-
nesses, and surface chemistries, leading to the precipitation of different 
ceramic phases (HA/HCA and calcium phosphate dihydrate) at the 
interface. Their different chemical structures and reactivities highly 
impact protein adsorption kinetics, making the density, surface distri-
bution, and conformation of the adsorbed proteins difficult to predict. In 
contrast, grafting APTES or Q-APTES on the glass surfaces led to ho-
mogeneous functionalization with molecules favoring uniform in-
teractions with the targeted proteins. This promoted a controlled and 
homogeneous protein coating (confocal microscopy). It is hypothesized 
that silanization of substrates leads to a more predictable protein 
conformation. In the near future, we plan to compare protein adsorption 
in static and dynamic conditions and study the impact of surface treat-
ments on protein secondary structures. 

Declaration of competing interest 

The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This project was funded by the European Union’s Horizon 2020 
Research and Innovation Program under the Marie Skłodowska-Curie 
grant agreement [No 860462 (PREMUROSA)]. The authors also 
acknowledge the Academy of Finland, Sigrid Juselius Foundation, and 
Cancer Foundation of Finland for their financial support. Biocenter 
Finland (BF) and the Tampere Imaging Facility (TIF) are acknowledged 
for their infrastructure support. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ceramint.2022.12.157. 

References 

[1] L.L. Hench, R.J. Splinter, W.C. Allen, T.K. Greenlee Jr., Bonding mechanisms at the 
interface of ceramic prosthetic materials, J. Biomed. Mater. Res. 5 (6) (1971) 
117–141, https://doi.org/10.1002/jbm.820050611. 

[2] L.L. Hench, Bioglass: 10 milestones from concept to commerce, J. Non-Cryst. Solids 
423 (2016) 2–8, https://doi.org/10.1016/j.jnoncrysol.2014.12.038. 

[3] M. Schumacher, P. Habibovic, S. van Rijt, Mesoporous bioactive glass composition 
effects on degradation and bioactivity, Bioact. Mater. 6 (2021) 1921–1931, https:// 
doi.org/10.1016/j.bioactmat.2020.12.007. 

[4] S. Ferraris, A. Nommeots-Nomm, S. Spriano, E. Vernè, J. Massera, Surface 
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S. Ferraris, V.P. Hytönen, A. Sanches Ribeiro, J. Massera, Surface modification of 
bioresorbable phosphate glasses for controlled protein adsorption, ACS Biomater. 
Sci. Eng. 7 (9) (2021) 4483–4493, https://doi.org/10.1021/ 
acsbiomaterials.1c00735. 

[21] L. Azizi, P. Turkki, N. Huynh, J.M. Massera, V.P. Hytönen, Surface modification of 
bioactive glass promotes cell attachment and spreading, ACS Omega 6 (35) (2021) 
22635–22642, https://doi.org/10.1021/acsomega.1c02669. 

[22] A. Cerqueira, F. Romero-Gavilán, I. García-Arnáez, C. Martinez-Ramos, 
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