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A B S T R A C T   

Protein adsorption is a crucial step in the life of biomaterials for bone application, such as bioactive glasses. The 
investigation of adsorption mechanisms is a difficult task per se, which is even more complex on bioactive glasses 
due to surface reactivity. Here, the effect of silver doping by ionic exchange on the interaction of a silica-based 
bioactive glass with albumin and fibronectin, serum proteins related to osseointegration, is reported. The 
presence of silver does not change relevant surface properties such as topography, surface energy, wettability, or 
surface ζ potential. Nevertheless, the interactions with proteins are much different. The presence of silver 
significantly increases the adsorption of albumin and fibronectin and leads to a higher loss of secondary structure 
compared to the undoped surface, as a consequence of the interactions and bonding between silver and thiols in 
the cysteine residues. Selectivity of silver-doped glass is discovered: Ag enhances more adsorption and dena
turation of albumin since it has more cysteines than fibronectin. It is also here observed that due to the formation 
of a hydrated silica gel layer during adsorption, proteins are not only present on the surface of the bioactive 
glasses, but also embedded inside the surface reaction layer.   

1. Introduction 

Bone infections in implantation sites have a statistical impact of 
about 1–2% [1] and the complete removal of the infected area is 
particularly challenging, involving massive antibiotic usage, hospital 
stays, eventual revision surgeries, and implant replacement, with related 
high social and economic costs [2]. Antibiotics have drastically 
improved our life, nevertheless, a new threat is arising due to their abuse 
and misuse, coupled with the evolution of antimicrobial resistance [3]. 
The ineffectiveness of antibiotics is predicted to result in 10 million 
annual global deaths by 2050 [4]. Biomaterial scientists and engineers 
have joined the efforts to fight the risk of peri-implant infections and to 
reduce the use of antibiotics by developing intrinsic antibacterial ma
terials: a special focus is on biomaterials for bone tissue repair. Several 
strategies have been developed to confer antibacterial and antifouling 
properties to different implantable materials, moving from loading or 
coating the material with antibiotics, such as antibiotic-loaded poly
methylmethacrylate bone cement [2,5], to grafting bactericidal ions or 

molecules [6] or modifying wettability, surface charge, and topography 
to reduce bacterial adhesion [7–9]. Antibacterial metals [10] can be 
directly implanted on the surface as ions (mainly Ag+, Cu2+, and Zn2+

[11]) or nanoparticles (NPs) [12] or embedded within bioactive mate
rials, such as hydroxyapatite [2]. Interestingly, it is quite easy to 
incorporate biologically active ions into bioactive glasses (BGs). The 
ease of changing the glass composition and the virtually unlimited 
combinations have led material scientists to incorporate many different 
elements within the glass, such as Ag, Mg, Sr, Zn, F, and Zr [13]. Those 
ions can be incorporated into the glass composition or introduced only 
onto the surface by ionic exchange [14]. In both cases, it is possible to 
confer antibacterial capability to bioactive glasses for tissue regenera
tion [15]. When antibacterial ions are introduced in the glass structure 
as modifier oxide it may change the glass properties, such as crystalli
zation, characteristic temperatures [16] and dissolution [13]. The ionic 
exchange process allows for maintaining unchanged the bulk properties, 
which can be designed according to the desired application while 
conferring new properties just to the glass surface. Furthermore, a more 
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homogeneous distribution of silver can be obtained by ionic exchange 
with respect to use of silver as a precursor [17]. 

Besides reducing the risk of infection, biomaterials for bone substi
tution and regeneration shall induce an appropriate response by the host 
to achieve proper osseointegration and implant success. This process 
does not involve only osteogenic cells, such as osteoblasts, but also a 
complex interplay between the skeletal and immune systems (osteoim
munomodulation) [18]. Plasma proteins and molecules are immediately 
adsorbed on the implant surface, forming a transient matrix that can 
evolve, according to the Vroman effect [19]. Then, acute inflammation 
is the first part of the foreign body reaction (FBR) and it involves the 
migration of polymorphonuclear leukocytes or neutrophils to the 
damaged sites [20]. Activated neutrophils attempt to degrade the bio
materials and produce chemo-attractants and cytokines to recruit 
monocytes [21]. Monocytes further differentiate into macrophages, 
starting the chronic inflammation and forming foreign body giant cells 
with the consequent fibrous capsule formation: this phenomenon avoids 
the biomaterial osseointegration [20]. On the other hand, they have an 
active role in the bone formation process, which can be both osteogenic 
or osteolytic according to the different polarizations [18]. 

Among the factors that control the cellular response to an implant, 
there is the protein transitional matrix. Adsorbed proteins have an active 
role in cell adhesion, activation, and also in FBR course [22]. For 
example, some proteins, such as fibronectin (FN) and vitronectin, are 
well-recognized to enhance cell adhesion [23]. Albumin can exert an 
anti-inflammatory effect thanks to its radical-scavenging activity and 
reduction in macrophage adhesion [24], increases osteogenesis by sus
taining mesenchymal stem cell proliferation [25], and reduces bacteria 
adhesion [26]. The adsorption of protein from blood and biological 
fluids is a very complex process that depends upon a variety of different 
factors, including various surface properties, the composition of the 
protein solution, its ionic strength, pH, and temperature. According to 
these factors, proteins can interact with the surface through hydropho
bic interactions, electrostatic or hydrogen bonding. They can have a 
different affinity towards different surfaces and bind in a more loosely or 
strong manner, even by partially losing their secondary and tertiary 
structures [27]. Among the various medical materials that have been 
widely investigated concerning protein adsorption (steel [28], bio
ceramics [29], and titanium [27]), bioactive glasses are one of the more 
complex. As recently reviewed by Zheng et al. [30], the extremely high 
reactivity of BGs in physiological conditions drastically influences the 
adsorption process, increasing also the difficulty of its characterization. 
Within the different BG properties, such as composition, degree of 
crystallinity, and surface topography, the presence of doping elements, 

as in the case of bioactive metal ions, significantly changes 
protein-material interactions. The influence of silver ions within a BG on 
protein adsorption has been scarcely investigated. silver was incorpo
rated in the bulk of both melt- [31] or sol-gel derived silica glasses [32, 
33] and the presence of silver, both in the ionic (Ag+) or metallic (Ag0) 
forms, is expected to increase the adsorption of proteins, such as he
moglobin [34] or bovine serum albumin (BSA) [31], proportionally to 
the silver content. The interaction between Ag and the thiol groups in 
the cysteine (Cys) residues (Fig. 1) of proteins was found to be strong, 
leading even to the rupture of disulphide bridges, and to be responsible 
for partial protein denaturation [31]. 

In this work, the effects of silver doping on the surface of a melt- 
derived silica-based bioactive glass on the interactions with the pro
teins relevant for osteoimmunomodulation, such as albumin and fibro
nectin, are investigated. Protein solutions close to the physiological 
concentration are used in this work to mimic the physiological envi
ronment. After a deep characterization of the surface properties of the 
glasses, the adsorbed protein layers are characterized in terms of protein 
amount, distribution, and conformation, merging traditional tech
niques, such as mid-infrared spectroscopy or fluorescent labeling, with 
some innovative ones, such as Kelvin probe force microscopy (KPFM) 
and zeta potential titration. The use of this set of characterization 
techniques allowed to get new information about the adsorption of BSA 
and fibronectin (FN). The results are compared with the literature on 
protein adsorption on BGs considering that the distinctive feature of the 
BG used in this research is the presence of silver only in a surface layer 
[31–34,37–41]. Furthermore, FN adsorption on silver-containing BGs 
has never been reported before to the best of the authors’ knowledge. 

2. Materials and Methods 

2.1. Sample preparation 

Glass disks (1 cm in diameter) were prepared by melting and casting. 
Briefly, the precursors of the bioactive glass SBA2 (composition, mol%: 
48% SiO2, 18% Na2O, 30% CaO, 3% P2O5, 0.43% B2O3, 0.57% Al2O3; 
Sigma Aldrich, St. Louis, USA) [42] were melted at 1450 ◦C for 1 h in a 
platinum crucible, then cast in a cylindrical brass mold (1 cm diameter), 
preheated at 500 ◦C, and annealed at 500 ◦C for 14 h. The bar was then 
cut for obtaining 2 mm thick disks, which were subsequently gritted 
with SiC abrasive papers (up to 1000 grit) and washed with Milli-Q 
water in an ultrasound bath for 10 min twice. Henceforth, these sam
ples will be referred to as SBA2. Antibacterial ability was conferred to 
the glass via an ionic-exchange process by soaking SBA2 samples in a 

Fig. 1. 3D representation of the structure of bovine serum albumin (a)(PBD entry 4F5S, https://doi.org/10.2210/pdb4f5s/pdb [35]) and the predicted structure of a 
fibronectin subunit (b)(UniProt entry P07589⋅FINC_BOVIN [36]). Cysteine residues are highlighted using a ball-stick representation. The positions of the disulphide 
bridges are reported in the supporting information. 
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0.03 M AgNO3 (Sigma Aldrich, St. Louis, USA) aqueous solution for 1 h 
at 37 ◦C, in an orbital shaker (100 rpm) [43]: at the end of the process, 
samples were gently washed in bi-distilled water and dried at room 
temperature. These samples will be referred to as AgSBA2. Samples were 
stored in air and dark condition. 

2.2. Biological reagents 

Unlabeled BSA and FN were obtained by Sigma Aldrich (St. Louis, 
USA). Commercially available fluorescent proteins were purchased: 
tetramethylrhodamine-conjugated BSA was obtained by Invitrogen 
(Waltham, USA) and rhodamine-conjugated FN by Cytoskeleton Inc. 
(Denver, USA). 

2.3. Protein adsorption 

To mimic the physiological environment as much as possible, the 
BSA and FN solutions were prepared in phosphate-buffered saline (PBS) 
solution at pH 7.4, with a concentration of 20 mg/ml and 0.2 mg/ml 
respectively, which are reported to be their concentration in plasma 
[44]. BSA adsorption was carried out by soaking the samples in 1 ml of 
solution in a multiwell, while FN was adsorbed by covering the surface 
with 125 μl of solution and placing the glass disks in a moisturized 
chamber to avoid water evaporation. The samples were placed in an 
incubator at 37 ◦C for 2 h, as previously reported [44]. Then, the 
specimens were gently rinsed with milli-Q water to remove loosely 
bound proteins, dried under a biological hood, and stored at 4 ◦C until 
use. Samples with BSA will be labeled as SBA2_BSA and AgSBA2_BSA, 
and samples with FN as SBA2_FN and AgSBA2_FN. 

The adsorption protocol was optimized for KPFM and fluorescent 
measurements since these two techniques have strict and very specific 
needs. To assess the presence of the protein layer by KPFM, a contrast in 
the potential images is necessary. Therefore, the glass disks were 
partially covered with a drop of protein solution, incubated in a mois
turized chamber and washed as described above. For fluorescent ex
periments, a small drop of fluorophore-conjugated protein solution (10 
μl) was deposited on sample surfaces and then covered by a microscope 
cover glass, in order to ensure complete coverage of the surface by a 
protein film and avoid water evaporation. Again, samples were incu
bated in a moisturized chamber at 37 ◦C for 2 h and gently rinsed trice in 
PBS and trice in milli-Q water. A more thorough washing was needed to 
avoid fluorescent signal interferences. For fluorescent quantification 
and imaging, the samples were prepared using an aqueous mounting 
medium (Fluoroshield; Sigma Aldrich, St. Louis, USA) and analyses were 
performed within the day. 

2.4. Substrate characterization 

The topographical and surface properties of SBA2 and Ag-SBA2 were 
analyzed through profilometry, wettability and surface energy mea
surements. Surface 3D images were obtained using a laser optical pro
filometer (50× objective, LSM 900, ZEISS, Oberkochen, Germany) and 
surface roughness parameters were measured from surface reconstruc
tion, obtained with a 20× objective, according to ISO 25178, using the 
Confomap software. The measurements were performed on three 
different samples and data are reported as average ± standard deviation 
(SD). 

The static contact angle was measured with the sessile drop tech
nique (FTA 1000C, First Ten Angstrom, Portsmouths USA) with two 
different liquids, water and hexadecane, with a respective surface ten
sion of 72.1 mN m− 1 and 28.1 mN m− 1. Three different samples were 
measured with each liquid and the overall surface energy, the polar and 
the dispersive components were calculated by the Owens-Wendt method 
[45] and data are reported as average ± standard deviation (SD). 

2.5. Zeta potential titration curves 

Zeta potential titration curves were acquired for BSA and FN in so
lution and for bioactive glass surfaces before and after the adsorption of 
the proteins. Dynamic light scattering (DLS - Litesizer 500, Anton Paar, 
Gratz, Austria) was employed to analyze the protein solutions. BSA and 
FN were dissolved in PBS at an initial concentration of 35 mg/ml and 
0.2 mg/ml respectively, followed by aliquoting with KCl 1 mM in order 
to reach a final concentration of 5 mg/ml for BSA and 0.01 mg/ml for 
FN. 0.05 M HCl and 0.05 M NaOH were used to titrate the protein so
lutions to the following pH values: 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9. SBA2 and 
AgSBA2 disks were analyzed using an electrokinetic analyzer (SurPASS, 
Anton Paar, Gratz, Austria) equipped with an adjustable gap cell and an 
automatic titration unit. KCl 0.001 M was used as electrolyte and 0.05 M 
NaOH and 0.05 M HCl as titration solution. Fifteen points have been 
measured for both the basic and the acidic range. For each range, a 
couple of different samples were used due to the possibility of surface 
modification during the measurement. 

2.6. X-ray photoelectron spectroscopy 

Surface chemistry before and after protein adsorption was deter
mined by XPS measurements (XPS, PHI 5000 Versaprobe II, ULVAC-PHI, 
Inc., Kanagawa, Japan). The X-rays were generated by an Al–K source 
and the take-off angle was 45◦. Survey spectra were recorded to deter
mine the elemental composition, while high-resolution spectra in the 
C1s and N1s regions were acquired with a pass energy of 0.1 eV. Peaks 
were deconvoluted by the CasaXPS software. Before deconvolution, the 
spectra were calibrated by setting the C1s peak, referred to the C–C 
bonds, at 284.8 ± 0.1 eV [46]. A Shirley background function was used 
for the C1s peaks while a linear function was used for the N1s peaks. The 
peaks were fitted by Gaussian-Lorentzian (70-30%) curves, allowing a 
shift of ±0.2 eV and constraining the full width at half-maximum be
tween 1.1 and 1.6 eV [47]. The XPS analyses were performed on the 
as-prepared samples, after adsorption of the proteins and on some 
samples which were subjected to the acidic titration range during the 
zeta potential analysis. These last samples will be referred to as SBA2z, 
SBA2_BSAz, SBA2_FNz, AgSAB2z, AgSBA2_BSAz, and AgSBA2_FNz. 

2.7. Protein quantification 

Two different methods were employed to quantify the proteins 
adsorbed on the bioactive glasses. At first, the bicinchoninic acid (BCA) 
assay (Thermofisher, Waltham, USA) was exploited. This test is based on 
the colorimetric reaction between two molecules of bicinchoninic acid 
and a copper ion, reduced by proteins from Cu+2 to Cu+1, which develop 
a purple color. Protein in solution can be quantified by measuring the 
adsorbance of the reacted medium at 562 nm and comparing the results 
with an appropriate calibration curve. In order to ensure a correct 
quantification, the measured amount shall be included within the ex
tremes of the calibration curves. According to the literature, very few 
micrograms of proteins are expected to adsorb on a surface [38,39], 
which fall below the lowest concentration suggested by the manufac
turer for the standard BSA curves, 25 μg/ml. Therefore, a new standard 
curve was obtained, setting the concentration range from 0 to 10 μg/ml 
(Fig. S1). Since different proteins might reduce a different amount of 
copper ions per protein molecule, the calibration curve shall be 
measured using the protein of interest. As consequence, FN was not 
quantified by BCA because it was not possible to perform the calibration 
with FN due to the limited availability of the protein itself. This test was 
performed only on BSA. Briefly, the samples with adsorbed BSA were 
placed in a 24-multiwell and soaked in 300 μl of 2% SDS (Bioreagent 
Thermofisher, Waltham, USA) for 2 h to detach the adsorbed proteins 
[48]. On the other hand, both proteins were quantified by fluorescence. 
SBA2_BSA, SBA2_FN, AgSBA2_BSA, and AgSBA2_FN samples were pre
pared as described above, and then the fluorescent emission of 
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rhodamine-conjugated BSA and FN was measured with a ChemiDoc MP 
system (Bio-Rad) using the Rhodamine application (excitation source: 
green epi-illumination; emission filter: 602/50 nm). Samples with BSA 
and FN, along with SBA2 and Ag-SBA2 samples without proteins were 
analyzed in separate acquisitions. Data are reported after the removal of 
the background signal of SBA2 and AgSBA2 without proteins. 

2.8. Kelvin probe force microscopy 

KPFM measurements were performed by acquiring the topographical 
image during the forward scan in tapping mode and the potential image 
during the backward scan in lift mode (Innova atomic force microscope, 
Bruker, Billerica, USA). Conductive Sb-doped tips with a nominal fre
quency of 75 kHz were used (SCM-PIT-V2, Bruker, Billerica, USA). 
Measuring parameters (scanning rate, lift height, KPFM parameters) 
were adjusted each time in order to achieve optimal experimental con
ditions. Topographical and surface potential images (100 × 100 μm) 
were obtained in the area of the border of the drop for simultaneously 
visualizing the protein layer and bare substrate. Images were elaborated 
by using the Gwyddion software [49]. The topographical images were 
processed by a two-degree polynomial function while the lines in the 
surface potential images were aligned using the matching function of the 
software. 

2.9. Fluorescent imaging 

Fluorescent images of the samples after adsorption were acquired by 
fluorescent optical microscopy (LSM 900, ZEISS, Oberkochen, Germany 
- emission wavelength: 540–562 nm). The scope of this analysis was to 
observe the coverage and distribution of the proteins on the surfaces, not 
to quantify and compare the signal intensity on different samples, which 
was done as previously described. Therefore, color gamma has been 
post-processed to obtain the best visual results. 

2.10. Attenuated total reflectance infrared spectroscopy 

ATR-FTIR spectra were acquired with an FT-IR spectrometer (Nicolet 
iN10 Infrared Microscope, Thermo Fischer Scientific, Waltham, USA) 
equipped with a Se/Ge ATR tip. The cooled MCT detector was selected to 
collect the spectra in the range 1000–4000 cm− 1 with a resolution of 4 
cm− 1 with 64 accumulation for each spectrum. The spectral background 
was acquired with the ATR tip in the air before every measurement. 
Spectra were collected on three different points of the samples and 
averaged before plotting. The Amide I band region, in the range of 1700- 
1600 cm− 1, was deconvoluted to investigate the secondary structure of 
the adsorbed proteins. Baseline correction was performed employing a 
linear function and the band deconvolution was handled by the Thermo 
Scientific Peak Resolve tool in the OMNIC software. The Savitsky-Golay 
second derivative method for the minima identification was performed 
and peak shapes were modeled with a Voigt shape. Reference spectra 
were collected for native BSA and FN and after thermal denaturation at 
100 ◦C for 1 h (BSA_h and FN_h). Denaturation was achieved by heating 
proteins on a microscope glass in an oven. The spectra were used to 
confirm the changes in the Amide I band after the loss of the native 
protein structure and the feasibility of secondary structure analysis with 
the experimental set-up used in this work. 

3. Results and discussion 

3.1. Effect of silver doping on the surface properties 

The formation of a protein layer on biomaterials is strictly related to 
the properties of the surface, such as roughness, functional groups, 
chemical composition, surface charge, and energy [50]. Due to the 
complexity of this phenomenon, the role of each single surface property 
on the mechanisms of protein adsorption is still under investigation 

[30]. Therefore, the detailed surface characterization of SBA2 and 
AgSBA2 samples, which was carried out in this paper, is fundamental to 
understanding the effect of Ag doping on protein adsorption on a 
bioactive glass surface. 

At first, the surface chemistry was investigated to assess the presence 
of Ag within the glass surface. XPS atomic quantification is reported in 
Table 1. Many of the elements expected from the glass composition have 
been found along with a high content of C, which derives from random 
environmental contamination. Other elements of the glass composition, 
such as Al or P in the case of SBA2, might be too low in concentration to 
be detected, also due to the presence of contaminants. B cannot be 
correctly quantified by XPS, as previously reported [46], and it is not 
included. C% is higher on SBA2, accounting for the lower content of Si 
and O. As it is possible to observe from the Ca/Si and Na/Si ratio, 
respectively decreasing from 1.5 to 0.2 and from 0.6 to 0.2, the amount 
of Ca2+ and Na+ is reduced after the ionic exchange treatments, since 
those ions are involved in the exchange process, as previously reported 
by the authors [43,51]. As expected, Ag was found only on the treated 
surface, confirming that the ion-exchange process is effective to dope the 
glass surface. The presence of N in this sample may be a residual from 
the ion exchange process. 

The presence of both metallic (Ag0) and ionic (Ag+) Ag was observed 
by deconvolution of the Ag3d region, with the typical 3d3/2 3d5/2 split, 
reported in Fig. 2. The binding energy for metallic silver in the 3d5/2 
peak is about 368.4 eV, while for ionic silver it is 367.9 eV. The energy 
split between 3d5/2 and 3d3/2 peaks is 6 eV [52,53]. According to the 
area of the different components, Ag is present mainly as an ion (Ag+). 
The elemental state of Ag (Ag0) has previously been reported to affect 
protein adsorption on BGs: metallic Ag (Ag0) enhances the interaction of 
proteins with the surface and provokes more unfolding with respect to 
its ionic form (Ag+) [31]. 

The topography of the samples was evaluated using a laser confocal 
profilometer. As observable in the 3D reconstruction of the surface 
(Fig. 3 a and b), the morphology of both samples is very similar and 
characterized by the grooves typical of the polishing process. The sur
face roughness parameters, such as arithmetic average (Sa), root mean 
square (Sq), Skewness (Ssk), and Kurtosis (Sku), are reported in Table 2. 
The Sa and Sq values are quite similar and low for both surfaces, as ex
pected for polished samples, with little higher values for AgSBA2. The 

Table 1 
XPS elemental composition of SBA2 and AgSBA2.   

Atomic Composition (%) 

Si O C Ca Ag P Na N 

SBA2 5.03 34.35 46.35 7.61 – – 2.85 – 
AgSBA2 11.70 40.88 33.63 2.84 6.88 1.49 2.88 0.71  

Fig. 2. Deconvolution of the Ag3d region for AgSBA2.  
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slight increase in the surface roughness of the treated surface might be 
due to the surface reaction of the bioactive glass during the soaking in 
the AgNO3 solution, the dissolution of the silica structure, and the 
beginning of the formation of the silica gel, as typical for bioactive 
glasses [54]. The Sa and Sq values show significant standard deviations. 
Those can be introduced by the manual gritting process and the quite 
coarse final gritting paper (#1000), resulting in a certain variability on 
such small roughness values. Since the reaction of the glass surface, 
during the ion-exchange process, increases the surface roughness of the 
samples, it can increase also the standard deviations as well. Ssk and Sku 
parameters provide a deeper insight into the surface structure. A nega
tive Ssk indicates that there is a predominance of valleys with respect to 
peaks on the surface. On the other hand, a Sku value greater than 3 
corresponds to sharp and narrow features. Those values originate from 
the groves left on the surfaces by the SiC particles of the gritting papers. 
Similar conclusions can be drawn by looking at the amplitude density 
function (ADF) and the Abbot-Firestone curve, which represent the cu
mulative ADF, reported in Fig. 3c and d. In both cases, the ADF has a 
Gaussian-like shape with slightly longer tails below the average line, 
which corresponds to the peak of the ADF curve. This indicates a higher 
number of valleys compared to the peaks. The Abbot-Firestone curve 
shape is in good agreement with the previous considerations. At last, 
also the ratio between Sq and Sa is close to 1.25, typical for a gaussian 
topographical profile [55]. In conclusion, the ionic exchange treatment 
does not seem to affect much the surface morphology of the bioactive 
glass disks, therefore any difference in the interactions with proteins 

shall not be ascribed to the micro-topography. 
Proteins can interact with biomaterials with different chemical 

mechanisms. Proteins are usually not chemically homogeneous, they 
have negatively and positively charged functional groups as well as 
hydrophobic and hydrophilic domains [35,56]: these moieties differ
ently interact with a surface according to its features [19]. Zeta potential 
titration curves of the BGs are of interest to investigate the eventual role 
of the electrostatic protein-surface interaction in adsorption [57,58]. 
The presence of Ag has a limited effect on the surface ζ potential of the 
SBA2 glass (Fig. 3e). In the basic range, the two titration curves perfectly 
overlap, showing the same surface potential, up to about pH 8.5. Above 
such a value, it is possible that the surfaces start to react, thus showing 
different behavior. At pH values below 5, the ζ potential of the two 
surfaces is a bit different. Both surfaces do not reach the isoelectric point 
in the measured range, indicating the presence of –OH groups with a 
strong acidic characteristic [59]. These functional groups are deproto
nated at low pH values with two different consequences on the titration 
curve: a shift of the isoelectric point towards pH values lower than 4 and 
the presence of a plateau with onset at the pH value corresponding to 
complete deprotonation. The –OH groups on AgSBA2 have a stronger 
acidic behavior, as indicated by the lower isoelectric point (obtainable 
from interpolation of the curves with the abscissa) and the onset of the 
acidic plateau, which starts at a pH lower than the one of SBA2 [60,61]. 
The different nature of the –OH groups may be related to the contact of 
the surface with water during the ionic exchange treatment. Further
more, both glasses are reactive at acidic pH, below 3.5, as evidenced by 
the increased standard deviations, which indicate that modifications on 
the surface during the zeta potential measurement occurred on the 
surface [62]. 

The measured values for the water contact angle, the dispersive and 
the polar components of the surface energy are reported in Table 2. Both 
the glasses show high wettability and hydrophilicity. The presence of 
–OH groups on both the glass surfaces, as deduced from the zeta po
tential titration curves, agrees with the measured high wettability. 
Despite the doping with Ag on the surface of the glass, the contact angle 
and the surface energy components are not significantly changed. It has 
been reported that Ag doping via ionic exchange in a high-temperature 
salt bath can increase surface hydrophobicity [63], but the Ag concen
tration in AgSBA2 samples may be too low to exert this effect. One of the 
commonly reported rules of thumb in protein adsorption is that hydro
phobic materials form stronger bonds with proteins and that they can 
bind more proteins with respect to the hydrophilic ones, due to easier 
displacement of adsorbed water at the interface and entropic gain [64]. 

Fig. 3. 3D surface reconstruction of SBA2 (a) and AgSBA2 (b) surfaces. The plot of the amplitude distribution function (black) and the Abbot-Firestone curve (red) vs 
depth from the highest surface point for SBA2 (c) and AgSBA2 (d). The surface average line is represented by the black horizontal line. Solid surface zeta potential vs 
pH titration curves of the undoped and doped glass samples (e). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
Topographical parameters (arithmetic average roughness, Sa; root mean square 
roughness, Sq; Skewness, Ssk; Kurtosis, Sku), wettability (water contact angle, θ) 
and surface energy (dispersive component, γd; polar component, γp) of SBA2 
and AgSBA2. All values are expressed as average ± standard deviation.   

Topographical Parameters Wettability & Surface Energy 

Sa 

(nm) 
Sq 

(nm) 
Ssk Sku θ (◦) γd (mN/ 

m) 
γp 

(mN/ 
m) 

SBA2 51.8 
±

10.1 

65.8 
±

13.5 

− 0.51 
± 0.14 

3.67 
±

0.65 

22.0 
± 2.6 

26.51 ±
0.13 

41.69 
± 0.99 

AgSBA2 70.9 
±

19.4 

90.2 
±

25.9 

− 0.48 
± 0.17 

3.95 
±

1.28 

22.3 
±

4.48 

27.43 ±
0.01 

40.81 
± 2.34  
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Conversely, it has been demonstrated on other biomaterials, such as 
polymers or titanium, that higher surface energies can increase the 
number of proteins adsorbed [65,66]. To the best of the authors’ 
knowledge, no studies about the effect of the surface energy of bioactive 
glasses on the adsorption of proteins have been reported in the literature 
and it is of interest for future investigations. 

3.2. Quantification of the adsorbed proteins to SBA2 and AgSBA2 

The adsorption of BSA and FN, which are very relevant for the 
osteoimmunomodulation response of the body to a biomedical implant 
[18], was measured quantitatively in this work by bicinchoninic acid 
assay (BCA) and fluorescence measurements of labeled proteins and in a 
semi-quantitative way by XPS. 

AgSBA2 adsorbs more BSA with respect to the SBA2 undoped sample 
(Fig. 4a). The difference between the samples is not statistically signif
icant due to the high standard deviations, mainly detected on AgSBA2. 
The high standard deviations in the BCA may derive from different 
factors. At first, due to the quite low overall adsorption, there is possibly 
an intrinsic variation of the adsorption process, which might not be 
consistent and well reproducible. As a second and more probable thing, 
the reaction of the surface and the penetration of BSA inside the silica- 
gel layer may hinder the effectiveness of SDS to remove the adsorbed 
proteins from the glass surface. It has been already observed that SDS is 
unable to completely remove adsorbed proteins from non-reactive sur
faces [67]. The protein removal might be even lower on the reactive 
ones, such as bioactive glasses, leading to underestimating the adsorbed 
amount. 

BSA and FN proteins conjugated with fluorescent markers were used 
to overcome those limitations. In this case, it was possible to directly 
quantify the fluorescent signal on the sample’s surface, without the need 
for protein detachment. Furthermore, thanks to the transparency of the 
glass surface, also the proteins inside the reaction layer can be detected. 
The results are shown in Fig. 4b and c. The Ag-doped samples showed a 
greater adsorption capability for both BSA (Fig. 4b) and FN (Fig. 4c), 
with a fold increase of 4.2 and 1.8 respectively, revealing that the 
presence of Ag in the bioactive glass surface increases the affinity for 
proteins as expected from previous studies [31,32]; a minor role of the 
acidic –OH groups can also be presumed [68,69]. The difference be
tween the two surfaces regarding BSA adsorption is significant (p < 0, 
05), and the standard deviations are lower compared to the ones ob
tained by the BCA assay. This confirms to some extent that the protein 
detachment, necessary for performing BCA, may randomly alter the 
results. Therefore, the use of BCA protein assay for the quantification of 
adsorbed proteins shall be carefully pondered and the results must be 
accounted for with proper caution. The underestimation of the 

adsorption differences between the different specimens may also be 
related to a different adhesion strength of proteins on the dope
d/undoped glasses. The strongest bound proteins, as on AgSBA2, may be 
removed with lower effectiveness by the surfactant with respect to the 
most loosely adsorbed proteins, as on SBA2, and the amount of proteins 
detected by BCA is lower as consequence. On the other hand, the 
adsorption of FN is also higher on the AgSBA2 samples, despite not being 
statistically significant, indicating that doping with Ag enhances the 
adsorption of different kinds of proteins in a different way. 

Nitrogen is a typical element of proteins, contained both in the 
peptidic backbone and lateral groups of some amino acid residues. Since 
it is not contained in adventitious carbonaceous contaminations, N is 
usually considered a marker for protein adsorption [70]. The C and N 
atomic content detected by XPS on SBA2 and AgSBA2 samples after 
adsorption of BSA and FN are reported in Table 3 and it can be used for a 
semi-quantitative measurement. 

Concerning BGs without proteins (Table S1), the C signal remains 
almost the same in the case of adsorption on SBA2, while it increases 
considering BSA and FN on Ag-SBA2. On the other hand, the N signal 
significantly increased after BSA adsorption on both surfaces and, after 
FN adsorption, on SBA2. In the case of AgSBA2, the difference in N% 
before and after FN adsorption is not significant. These facts, combined 
with the decrease of Si (Table S1), confirm the adsorption of BSA and FN. 
The N surface percentage corresponding to the complete surface 
coverage by a BSA layer has been postulated by Foster et al. to be 9% 
[71], which is well above the values obtained in this work, apart from 
BSA on AgSBA2. Still, the obtained data need a careful discussion to be 
properly understood. Bioactive glasses react when in contact with 
aqueous solutions at physiological pH 7.4, by rapidly forming a hydrated 
silica-gel layer on the surface and adsorbing PO4

3− ions from the PBS 
solution, which has a pH of 7.4 as well [72]. The concomitance between 
those reactions and the adsorption may cause the embedding of the 
proteins within the gel layer. The capability of XPS to detect elements 
from a certain depth inside the sample surface relies on the inelastic 
mean free path (IMPF) of the element electrons: if the depth of the 
element is higher than the IMPF, the element is not detected. The IMPF, 

Fig. 4. a) BSA quantification on SBA2 and Ag-SBA2 by BCA assay; fluorescent quantification of adsorbed b) BSA and c) FN. *, p < 0.05.  

Table 3 
Carbon and nitrogen atomic concentration on SBA2 and AgSBA2 samples after 
BSA or FN adsorption.   

C (atomic %) N (atomic %) 

BSA FN BSA FN 

SBA2 34.10 42.57 2.79 1.55 
AgSBA2 37.53 51.26 9.01 0.79  
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among other factors, is determined by the electron kinetic energy and by 
the composition of the solid the particle is crossing through [73]. In this 
work, photo-electrons can be emitted from protein molecules within the 
reacted surface layer. Therefore, they need to travel across a mixed layer 
of silica gel and organic molecules in order to escape the samples. With 
respect to the IMPF of electrons, this layer may have an intermediate 
behavior between pure silicon dioxide, which is the harshest case sce
nario with the shortest IMPF, and pure proteins, the most favorable 
scenario with the longest IMPF. N1s core electrons have kinetic energies 
of about 1088 eV, which correspond to an IMPF shorter than 3 nm in the 
case of escape through pure silicon dioxide [74]. Similar results can be 
obtained considering the best scenario, of the electrons travelling 
through pure proteins [75,76]. In both cases, the IMPF of an N1s core 
electron can be too short for the electron to escape the silica gel. 
Therefore, XPS might not provide quantitative information about pro
teins adsorbed on bioactive glass surfaces, since it is not capable to 
detect proteins that are embedded within the silica-gel layer. Never
theless, this fact highlights possible different behaviour of proteins with 
respect to the hydrated layer: in fact, BSA seems to penetrate less inside 
the layer, being better detected by XPS, in particular on AgSBA2, while 
FN may be more incorporated in the reaction layer than be adsorbed on 
the outermost surface. Another hypothesis is that the amount of BSA on 
AgSBA2 is high enough to also cover the outermost surface, besides 
being trapped inside the glass surface layer. The deconvolution of the 
C1s peaks before and after protein adsorption is reported in Fig. 5. On 
pristine BGs, environmental carbonaceous contaminations were detec
ted, with peaks at 284.8, 286–287, and 288.2 eV, arising from the -C-C-, 
–C––O, and carboxyl groups [77]. Other bands were observed, around 
283.5 eV and 289.4 eV, which can be attributed to the C-metal bonds 
and carbonates respectively [78,79]. Those contaminations may arise 
from residues of the polishing papers and the formation of carbonates 
during the glass processing. The new contributions which arose after 
adsorption confirmed the presence of BSA and FN on the surfaces. In 
fact, the typical peaks of proteins were detected on the glass surfaces, 
attributed to the C–N signal, between 286 and 287 eV, and the over
lapping peaks of N––C–O and COO− bonds, around 288.1 eV, plus the 
C–C peak centered at 284.8 eV [47,77,80]. Due to the complexity and 
reactivity of the system, some other signals are related to 

contaminations such as carbonates, around 289 eV [79], and 
carbon-metal bonds, at about 283.3 eV [78], as on the unsoaked 
surfaces. 

The increase of adsorbed proteins on a glass surface doped with Ag 
agrees with the literature concerning Ag2O used as a network modifying 
oxide in different glass systems, silica-based [32] or phosphate-based 
[31]. The presence of silver, both in the Ag+ and Ag0 forms, increases 
the adsorption of proteins, such as hemoglobin [32] or BSA [31], on 
glasses according to the silver content. The amount of Ag on the surface 
of AgSBA2 is similar to the one obtained by using up to 8 mol% of Ag2O 
as a modifier in the glass composition [32], which was enough to 
interact with proteins. Considering the results obtained in the literature 
and the ones exposed in this work, it can be observed that the effect of Ag 
on protein adsorption does not depend on how it was introduced inside 
the BG, if as modifier oxide or by ionic exchange, but more on its 
chemical state and amount on the surface of the material. The interac
tion between Ag and the thiol groups of proteins was found to be strong 
[40] and it is reported to be effective regardless of the number of 
cysteine residues, the only amino acid bearing a thiol group, in the 
proteins: hemoglobin has 0.01% of Cys residues [34], BSA 5.8 [81] and 
FN 2.7 [82]. Moreover, BSA and FN have both a negative net charge at 
physiological pH (see section 3.5) and AgSBA2 can increase the elec
trostatic interaction with respect to untreated SBA2 because of the 
positively charged Ag+ ions. Increases in protein adsorption due to 
favorable binding sites was also observed on hydroxyapatite/carbohy
droxyapatite precipitated on a bioactive glass exposing different ratios 
of Ca2+/PO4

3− and -OH- sites, which change the surface charge: higher 
adsorption of BSA was observed for the more positively charged nano
structure [41]. The quantification of the adsorbed plasma proteins is of 
biological relevance because they are well known to modulate cellular 
reactions [30]. Previous work from the authors [83] showed that SBA2 
and AgSBA2 have similar cytocompatibility regarding human osteo
blasts progenitors (hFOB). Furthermore, cell viability is enhanced on 
AgSBA2 with respect to SBA2 when an infection of a healing implant is 
simulated, by adding an aliquot of an infected medium, containing 
Staphylococcus aureus, to a cell culture where hFOB were previously 
seeded on the glass samples [83]. The increased affinity towards adhe
sive proteins, such as FN [84], of the Ag-doped surface, may concur to 

Fig. 5. Deconvolution of high-resolution XPS spectra in the C1s region without (crtl) and with BSA and FN adsorbed on SBA2 and AgSBA2.  
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increase the cellular response, along with the antibacterial effect. 
Furthermore, the adsorption of anti-inflammatory proteins, as in the 
case of BSA [85], can inhibit the acute phase of the inflammatory 
response of the body, leading to an improved osteoimmunomodulation 
ability of this biomaterial [86]. 

3.3. Protein layers on the glass surfaces 

One of the crucial aspects of the adsorption of proteins is the degree 
of coverage of the surface. The distribution of adsorbed BSA and FN was 
investigated at two different scales, thanks to fluorescent proteins and a 
novel approach by KPFM, developed by the authors in previous work 
[87]. 

Fluorescent images are reported in Fig. 6. It is possible to see that 
BSA forms a continuous and mainly homogeneous layer on both sur
faces. On SBA2, preferential adsorption along the polishing grooves is 
observed, indicating that microroughness may have an enhancing effect 

on protein adsorption to some extent, acting as a sort of protein reser
voir. On the other hand, the same effect is not noticed in the AgSBA2 
sample: the effect of the topography is less significant in this case due to 
the increased adsorption capability of the Ag-doped surface. While the 
BSA signal was well acquired and imaged, the detected signal from 
fluorescent FN was insufficient to formulate any conclusion (Fig. 6). 
Contrary with respect to the Chemidoc system, the maximum exposure 
time exploitable in the fluorescent microscope was not sufficient to ac
quire images from the adsorbed FN on the glass samples. The absence of 
features in the fluorescent images suggests that the adsorption is ho
mogeneous, without the formation of aggregates and the presence of FN 
in a buried layer, and surface reactivity could explain the low intensity 
of the signal. However, it would be hazardous to hypothesize about the 
extent of the surface coverage using this technique. 

To characterize the extension and the morphology of the protein 
layers formed after adsorption, Kelvin probe force microscopy was 
applied. This atomic force microscopy technique allows to image the 

Fig. 6. Fluorescent imaging of protein adsorbed on SBA2 and AgSBA2 surfaces (magnification 200×).  

Fig. 7. Kelvin probe force microscopy images of SBA2 and AgSBA2 after BSA adsorption on a portion of the surface: a)100 × 100 μm scan topography; b) 100 × 100 
μm scan surface potential; c) potential profile along the white line in the potential image (the black dotted vertical line represents the boundary of the region with 
BSA); d) 5 × 5 μm scan of pristine surface; e) 5 × 5 μm scan of BGs with BSA. BSA is adsorbed at the right of the large scan, as indicated in the pictures. 
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surface potential of a sample and it was recently applied for visualizing 
protein adsorption on flat model substrates [88,89] or on rough titanium 
substrates, which underwent surface chemical modification for 
osseointegration purposes [87]. 

Fig. 7 reports the topographical and surface potential images for BSA 
adsorbed on the two glasses. The samples used for this analysis were 
prepared with a limited area exposed to protein adsorption to use the un- 
adsorbed area as an internal control (see the Materials and Methods 
section). The results obtained in terms of morphology and potential 
distribution are similar in all the cases. The areas of the bioactive glasses 
that have been exposed to the protein solution are distinguishable by 
looking both at the topography and surface potential images. During the 
adsorption of proteins from the PBS solution, the glasses begin to 
dissolve and form the silica-gel layer, with a concomitant increase in the 
surface roughness that is visible in the topographical images at high 
magnification (Fig. 7d vs Fig. 7e). Interestingly, the reaction of the glass 
leads also to an increase in the height of the surface, since a step of 
70–100 nm was found between the soaked and unsoaked areas, which 
can be correlated to an increased volume of the hydrated silica-gel with 
respect to the unreacted glass surface. The thickness of the reaction layer 
here detected can justify the low detection of nitrogen by XPS, as dis
cussed before, since it is much larger than the IMPF of the N1s electrons 
[74,75]. According to the literature, this reaction layer is formed 
through various steps: at first, Si(OH)4 groups solubilize from the surface 
after the dissolution of the glass network; in second place, the solubi
lized silica groups polymerize and reprecipitate on the surface [54]. The 
reactions occurring during protein adsorption also affect the surface 
potential images (Fig. 7c). The combined protein-silica layer has a 
higher potential than the intact surface and no formation of aggregates 
of proteins is evidenced by KPFM. Very similar results were obtained in 
the case of KPFM performed after FN adsorption and are not shown here 
for sake of concision. 

The fluorescence and AFM/KPFM images correlate with each other 
and support the observation and hypothesis discussed in the previous 
section. Since proteins are adsorbed contemporary to the formation of 
the silica-gel layer, it is plausible that they are at least partially 
embedded within the reaction layer, forming a continuous silica-gel/ 
protein composite film. This is of biological relevance because, 
whether or not the protein layer is complete, determines if the cells 
interact with the adsorbed proteins or directly with the biomaterial [90]. 
As an example of the biological effect of a differential protein adsorp
tion, a titanium surface modified with a pattern where protein adsorp
tion was localized in some areas showed a subsequent patterned 
proliferation and differentiation of MC3T3-E1 pre-osteoblast cells, 
enhancing the formation of bone nodules where proteins adsorption was 

higher [91]. 

3.4. Protein secondary structure 

The effect of Ag doping of the glass on the conformation of the 
adsorbed proteins, which may translate into a different cell response to 
the biomaterial itself, has been investigated by ATR-FTIR. After 
adsorption, the main signals of proteins were detected on SBA2 and 
AgSBA2, while soaking the samples in a simple PBS solution, without 
proteins, does not generate strong interfering bands (Fig. S2). Amide I 
and Amide II bands are respectively around 1650 cm− 1 and 1450 cm− 1 

and arise from the vibration of –C––O or –CN and –NH bonds [92]. As 
discussed in the supporting information, the Amide II band was hardly 
detected due to the low amount of proteins adsorbed on the surface and 
the presence of interfering bands from the reaction layer on the bioac
tive glasses. The Amide I band is the most sensitive to the protein sec
ondary structure [31,92,93] and it has been exploited to investigate the 
secondary structure of the proteins after adsorption on the glass surface 
without or with Ag doping, the results are presented in Fig. 8. A certain 
frequency range of the FTIR spectra can be assigned to each secondary 
structure of proteins According to the literature, β-sheet structures were 
assigned to bands in the range from 1620 to 1640 cm− 1, the 1640-1650 

Fig. 8. Deconvolution of the Amide I band FTIR spectra for BSA (a) and FN (b), in the native (BSA and FN) and denatured state (BSA_h and FN_h) and after 
adsorption on SBA2 and AgSBA2. The position of the components of the native or denatured proteins is marked with solid or dashed lines respectively. 

Fig. 9. Secondary structure of BSA and FN adsorbed on BSA2 and AgSBA2. The 
structure of the proteins before and after thermal denaturation is also reported. 
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cm− 1 bands correspond to random coils, the signal between 1650 and 
1660 cm− 1 is due to α-helices and the highest wavenumber component, 
between 1660 and 1680 cm− 1, is related to a combination of β-sheet and 
β-turn structures [31,93–96]. The different contributions to the Amide I 
band obtained after deconvolution are shown in Fig. 9. 

When BSA is adsorbed onto the undoped glass surface (Figs. 8a and 
9a and Table S2), the overall quantities of α-helices and β-structures are 
similar to the case of native BSA, even though the presence of the 
overlapping OH band (around 1600 cm− 1) [97], affects the accurate 
definition of the Amide I band position and components, in this case. A 
possible decrease in β-turns can be supposed. On the other hand, the BSA 
structure drastically changes after adsorption on the AgSAB2 sample, 
seeming to have completely lost the α-helical structures with the 
concomitant formation of random coils, with their signal centered at 
about 1640 cm− 1, β-sheets and β-turns (at 1663 cm− 1). The same 
structures appear after the thermal denaturation of BSA, with the for
mation of β-sheets in agreement with some results reported in the 
literature [98]. 

In the case of FN (Figs. 8b and 9b and Table S2), some changes in the 
secondary structure of the protein were observed after adsorption on 
both surfaces but showed different behaviour. On the SBA2 surface, only 
random coils (signal around 1655 cm− 1), and β-sheets structures 
(around 1626 cm− 1) were observed. On the other hand, FN secondary 
structure is composed of β-sheets and β-turns, and no random coils were 
observed after interaction with AgSBA2. No component was assigned to 
α-helical structures in all cases since they are not in the native structure 
of FN [99]. 

Despite the low amount of proteins adsorbed on the glass samples, 
and the presence of some signals deriving from the reactions of the 
material surface during immersion in aqueous solutions, which partially 
interfere with the exact quantitative determination of the secondary 
structure of the adsorbed proteins, interesting information about the 
denaturation of BSA and FN after interaction with the bioactive glass 
surfaces were obtained. The spectral deconvolution of adsorbed BSA 
shows that it mainly retains its native conformation when interacting 
with SBA2, while it gets heavily denatured after adsorption on the Ag- 
containing surface. The ability of Ag to bind thiol groups of amino 
acids is well acknowledged and it’s reported to have an active role in the 
antibacterial effect of Ag, by compromising the biological functions of 
bacteria membrane proteins [100]. The great loss of the ordered struc
ture of BSA after adsorption on AgSBA2 can be due to this kind of strong 
interaction. Ag is capable also to break the disulphide bridges between 
cysteine residues in the BSA chain, mainly when it is in the form of 
metallic Ag0 [31], after interacting with the free –SH groups of the 
proteins. Furthermore, surface charge and protein-material electrostatic 
interaction have been found to play a role in the structural stability of 

adsorbed proteins [41] and it was observed that surfaces with a positive 
charge reduce the amount of α-helical structure in the adsorbed proteins 
[101]. This factor can also concur with the denaturation of BSA through 
the positive Ag+ ions. BSA denaturation was correlated to a better 
cellular attachment [41], and the loss of native conformation detected 
here can explain the better osteoblast response to AgSBA2 previously 
observed [83]. The secondary structure of FN was changed after 
adsorption on both surfaces. The presence of Ag in the glass seems to 
promote the formation of β-sheets, as in the case of BSA, by ordering 
random coil portions of the polypeptide chain. On the other hand, SBA2 
can promote the disruption of the ordinate structure with the increase of 
random coils. In this case, the differences between the behavior of FN on 
SBA2 and AgSBA2 can be less ascribed to the interaction between the 
thiol groups and Ag due to the lower amount of cysteine. The different 
denaturation can be the result of stronger electrostatic interactions be
tween the Ag+ ions and FN –COO- groups. The biological activity of 
proteins is strictly related to their tertiary structure and to the active 
amino acid sequences that can be recognized by cell membrane re
ceptors. Ag-induced denaturation of proteins can be beneficial for the in 
vivo response to BGs, even though it has been claimed that the optimal 
Ag concentration is the one that enhances protein adsorption limiting 
the denaturation [31]. For example, it is well established that FN needs 
to partially expand to expose the RGD sequence (a tripeptide 
arginine-glycine-aspartate) in order to accomplish its role as an adhesive 
protein [102–104]. In fact, the RGD sequence can bind to α5β1 integrins 
on the cell membrane, with a synergic action of a further aminoacidic 
sequence (proline-histidine-serine-arginine-asparagine), promoting cell 
adhesion and spreading [99]. The exposure of the RGD sites and, 
consequently, the enhanced cell interaction is dependent on the 
conformation and orientation of FN dimers upon adsorption, which is 
dictated by the surface properties [105]. The presence of Ag in the BG 
surface seems to provide a certain selectivity in the interactions with 
proteins. The higher the number of thiol groups in the proteins, the 
highest the amount of adsorbed protein (Fig. 4) and the greater their 
denaturation (Fig. 8) when compared to proteins onto the undoped 
glass. The possibility to tune the interactions with proteins is very 
intriguing for the engineering of novel biomaterial surfaces, opening 
new horizons in tailoring the tissue response to implants. 

3.5. Zeta potential of the adsorbed proteins 

Zeta potential measurement is very sensitive to the surface chemistry 
and, despite being usually employed to characterize surface properties 
of colloids [106], it is also reported to be useful for the investigation of 
protein adsorption on different surfaces, such as titanium oxide [57], 
treated titanium alloys [44], and SiO2 [107]. 

Fig. 10. Zeta potential vs pH curves of glass surfaces after adsorption of BSA (a) and FN (b). The zeta potential titration curves for BSA and FN in solution and BG 
surfaces before adsorption are also reported. 
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The zeta potential titration curves for SBA2 and AgSBA2 after 
adsorption are reported in Fig. 10. In both cases, the curves of the 
adsorbed proteins are quite different from the ones of proteins sus
pended in aqueous solutions. After BSA adsorption (Fig. 10a), the curves 
of SBA2_BSA and AgSBA2-BSA overlap almost perfectly. With respect to 
the uncovered surface, the main change is that the IEP is detected at a pH 
value of 3.7 and that the potential of the SBA2 at basic pH increased. The 
adsorption of FN provoked similar a change (Fig. 10b) concerning the 
shift of the IEPs to a pH equal to 3.7. However, the curves of SBA2_FN 
and AgSBA2_FN are quite different at pH higher than the IEP, with 
AgSBA2_FN having a more negative surface. In all cases, there is an 
increase in the standard deviations at pH around the IEP, which may be 
due to a reaction of the surface during the measures [62]. 

The zeta potential of a surface depends on its functional groups and 
eventual ions exposed. In the case of proteins and glass surfaces, those 
are mainly the carboxyl -COO- and protonated amino groups –NH3

+ of 
the proteins or hydroxyl groups of the silica surface, as commented in 
section 3.1. The amino groups of proteins are in the protonated form 
over all the considered pH range, since they have a pKa > 9, while the 
carboxyl groups (pKa ≈ 4) begin to be protonated at pH lower than 5 and 
they are all in the –COOH form at pH around 3 [108], corresponding to 
the acidic plateau detected in the titration curves of the proteins in so
lution. Due to the growth of the silica-gel layer in concomitance with the 
adsorption process and the likely exposition on the surface of the 
functional groups both of the glass and proteins, it is not possible to 
distinguish their contributions to the overall titration curves. Never
theless, looking at the similarities between the curves it is possible to 
hypnotize that the surface layer combining adsorbed proteins and the 
silica-gel has comparable chemistry in the case of BSA. The higher po
tential for SBA2_FN with respect to AgSBA2_FN might be due to some 
differences in the interaction with FN and the glass surfaces and the 
resulting protein orientation or folding, as observed by the authors in a 
previous work regarding other biomaterials [69], or to the different 
presence of ions on the glass surface (Table S1). 

In order to better understand how the glass surface reacts during the 
potential measurements, XPS analyses were performed on the samples 
subjected to the acidic range of the titration curve, in particular, to 
observe whether or not proteins are removed from the surfaces during 
the titration. Very unexpected results were obtained for the nitrogen 
concentrations, reported in Table 4. While the signal of the BSA N1s 
decreases after the zeta potential measurement, as expected since the 
electrolyte flow can mechanically remove proteins from the sample 
surfaces, the N signal from FN is highly increased. In the meantime, Si is 
more present on all the surfaces and other elements, such as Ca and P, 
are hardly detected (Table S1). 

The results obtained on the BSA covered samples suggest that a 
certain amount of protein is removed from the glass surfaces, due to the 
electrolyte flow and pH, which is a predictable outcome. On the other 

hand, the increase of nitrogen concentration on surfaces adsorbed with 
FN was completely unanticipated since the electrolyte solution for the 
zeta potential does not contain any protein. A possible explanation is 
that the combination of the shear stress applied to the surface by the 
electrolyte and the acidic environment can remove the outermost layer 
of the samples, which might be mainly composed of silica-gel, envi
ronmental contaminations, and some precipitates, such as phosphates 
and Ca2+ ions, exposing in a larger amount the proteins originally 
embedded within the surface reaction layer. These results are very 
interesting, since they confirm and highlight the very complex interplay 
between the reactive surface of bioactive glass and proteins contained in 
biological fluids, and they certify that proteins penetrate inside the hy
drated silica-gel layer during the reaction occurring while soaking in the 
protein solution (Fig. 11), as suggested by Effah Kaufmann et al. [37]. 

4. Conclusions 

In the present paper, the effect of Ag doping on the adsorption of 
serum proteins, which are relevant for the in vivo osseointegration of 
biomaterials, has been investigated on a silica-based bioactive glass 
surface doped through an ionic-exchange treatment. The effect of Ag on 
the behavior of two different proteins, BSA and FN respectively, has 
been compared here for the first time. It was observed that the presence 
of Ag does not affect the overall surface properties of the bioactive glass, 
such as roughness or surface energy, but slightly changes the ζ potential, 
introducing more acidic –OH groups. However, the Ag-containing BG 
shows significantly higher adsorption of BSA and FN with respect to the 
unmodified glass system. Furthermore, the secondary structure of the 
adsorbed proteins is more changed when interacting with the AgSBA2 
samples. These results confirm the role of Ag in protein adsorption and 
provide more insight into the concomitant occurrence of protein 
adsorption and the formation of a surface reaction layer on bioactive 
glasses. In fact, proteins can be embedded within the silica-gel layer that 
forms on bioactive glasses in contact with aqueous solutions. A different 
penetration capability was also highlighted: BSA remains more on the 
outermost layer of the glass surface, while FN penetrates more inside the 
reaction layer. The actual interface between the cells and the bioactive 
glass may be composed of the silica-gel reaction layer containing 
embedded proteins. The improved protein affinity of bioactive glasses 
treated with the ionic exchange may be beneficial for the cellular and 
anti-infection response and can lead to advances in the design of novel 
compositions of bioactive glasses. The selectivity of AgBSA2 towards 
cysteine-containing proteins is also an outcome of great interest. 
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[51] M. Miola, E. Verné, Bioactive and antibacterial glass powders doped with copper 
by ion-exchange in aqueous solutions, Materials 9 (2016) 1–16, https://doi.org/ 
10.3390/ma9060405. 

[52] L.H. Tjeng, M.B.J. Meinders, J. van Elp, J. Ghijsen, G.A. Sawatzky, R.L. Johnson, 
Electronic structure of Ag2O, Phys. Rev. B 41 (1990) 3190–3199, https://doi.org/ 
10.1103/PhysRevB.41.3190. 

[53] G. Schön, J. Tummavuori, B. Lindström, C.R. Enzell, C.R. Enzell, C.-G. Swahn, 
ESCA studies of Ag, Ag2O and AgO, Acta Chem. Scand. 27 (1973) 2623–2633, 
https://doi.org/10.3891/acta.chem.scand.27-2623. 

[54] J.R. Jones, Review of bioactive glass: from Hench to hybrids, Acta Biomater. 9 
(2013) 4457–4486, https://doi.org/10.1016/j.actbio.2012.08.023. 

[55] S. Ferraris, F. Warkomicka, J. Barberi, A. Cochis, A.C. Scalia, S. Spriano, Contact 
guidance effect and prevention of microfouling on a beta titanium alloy surface 
structured by electron-beam technology, Nanomaterials 11 (2021), https://doi. 
org/10.3390/nano11061474. 

[56] H. Lan, H. Liu, Y. Ye, Z. Yin, The role of surface properties on protein aggregation 
behavior in aqueous solution of different pH values, AAPS PharmSciTech 21 
(2020) 1–13, https://doi.org/10.1208/s12249-020-01663-7. 

[57] T. Kopac, K. Bozgeyik, Effect of surface area enhancement on the adsorption of 
bovine serum albumin onto titanium dioxide, Colloids Surf. B Biointerfaces 76 
(2010) 265–271, https://doi.org/10.1016/j.colsurfb.2009.11.002. 

[58] N. Miyake, T. Sato, Y. Maki, Effect of zeta potentials on bovine serum albumin 
adsorption to hydroxyapatite surfaces, Bull. Tokyo Dent. Coll. 54 (2013) 97–101, 
https://doi.org/10.2209/tdcpublication.54.97. 

[59] T. Luxbacher, The Zeta Potential for Solid Surface Analysis, Anton Paar GmbH, 
2014. 

[60] F.M. Fowkes, D.W. Dwight, D.A. Cole, T.C. Huang, Acid-base properties of glass 
surfaces, J. Non-Cryst. Solids 120 (1990) 47–60, https://doi.org/10.1016/0022- 
3093(90)90190-W. 

[61] A. Bismarck, A.R. Boccaccini, E. Egia-Ajuriagojeaskoa, D. Hülsenberg, 
T. Leutbecher, Surface characterization of glass fibers made from silicate waste: 
zeta-potential and contact angle measurements, J. Mater. Sci. 39 (2004) 401–412, 
https://doi.org/10.1023/B:JMSC.0000011493.26161.a6. 

[62] S. Ferraris, S. Yamaguchi, N. Barbani, C. Cristallini, G. Gautier di Confiengo, 
J. Barberi, M. Cazzola, M. Miola, E. Vernè, S. Spriano, The mechanical and 
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