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ARTICLE INFO ABSTRACT

Keywords: Protein adsorption has a central role in the outcome of implants. However, there is no consensus about the
P_mtefn adsorption impact of the different surface properties on the material-protein interactions. Here, the adsorption of albumin
Titanium and fibronectin in near-physiological concentration is investigated on three differently treated titanium-based
Surface modification - . s .

Hydroxylation surfaces and compared after a thorough characterization. The different titanium surfaces have very different
Surface characterization surface properties, in particular regarding roughness, oxide porosity, wettability, surface energy, and zeta po-
Biomaterials tential, which are all known to deeply affect protein adsorption. By merging several characterization techniques,

some conventional and some innovative, it was possible to discriminate the effect of surface properties on
different aspects of protein adsorption. Despite forming a continuous layer on all samples, the amount of proteins
bound to the surface is mainly due to surface roughness and topography, which can overcome the effect of
wettability and surface energy. On the other hand, the secondary structure of albumin and fibronectin and their
orientation are determined by the hydroxyl groups exposed on the surfaces, depending on their surface con-

centration and acidic reactivity in the former, and the surface zeta potential in the latter.

1. Introduction

The enormous success of titanium as implantable material since the
30s is due to the suitable combination of mechanical and chemical
properties, such as appropriate Young’s modulus and a corrosion resis-
tance bioinert native oxide layer [1,2]. Over the years, the research
pushed towards surface modifications for better osseointegration [3,4].
A complete understanding of the protein adsorption process is one of the
missing links toward the control of implant-bone interaction and
reduction of implant failure, which is a current costly clinical issue [5,6].
Every medical device in contact with the biological fluids is rapidly
covered by a protein layer, which forms a transient matrix as an inter-
face for material-cell interactions [7]. Protein adsorption is a “common
but very complicated phenomenon”, as defined by Nakanishi et al. [8],
that is played by several actors and affected by many different factors.
The protein characteristics, parameters of the protein solution (compo-
sition, ionic strength, pH, temperature, protein concentration), and
biomaterial surface properties are all intimately interconnected and
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their role is difficult to interpret [9-12]. The surface roughness and
morphology, charge, wettability, free energy (SFE), hydroxylation and
exposed functional groups can all deeply affect the type, amount, and
conformation of adsorbed proteins. Great efforts have been put into
understanding how proteins behave in contact with titanium-based
materials [6]. However, there are still many dark areas that need to be
highlighted and some disagreements between studies that need to be
clarified. Generally, an increase in roughness after surface treatments is
related to an increment of protein adsorption, in particular at the
microscale, but the specific effect of different topographies is unclear
[13,14]. Surface OH groups have also been related to increased protein
adsorption by increasing the possible protein binding sites [15], even
though the mechanism is still under discussion [16,17] and it must be
clarified if the amount of OH groups or their chemical acid-basic reac-
tivity plays a major role. The SFE has a contribution to the affinity of
titanium surfaces towards proteins, but the different effects of the polar
and the dispersive components remain unclear [18-21]. The role of
surface charge is also widely recognized. Since the overall charge of
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most proteins is negative at the plasma pH (=7.4), an increment of
positive charges on the surface may increase the electrostatic interaction
[22], while an increase in negative groups usually hinders protein
adsorption [23]. Anyway, also negatively charged surface groups can
interact with the positive protein domains [24]. In the case of positively
charged proteins, the contrary happens. Besides the intrinsic complexity
of protein and biomaterial properties interplay, which needs further
investigation to be totally understood, there are other aspects of
adsorption on titanium materials that need to be taken into consider-
ation. As already observed by the authors, the use of a low concentration
of proteins, as usually made in the literature, does not mimic the
physiological environment [6]. The use of low concentrated solutions
may exalt the differences among surfaces that might result negligible
when it comes to near-physiological conditions [25,26]. Furthermore,
new characterization techniques are needed to allow a comprehensive
study of protein adsorption on surfaces of real clinical interest, not only
on models or specifically prepared biomaterials [27,28].

The scope of the present work is to investigate and compare the
adsorption of albumin (BSA) and fibronectin (FN) on titanium and
Ti6Al4V alloy surfaces after different chemical treatments for increasing
the bioactivity and osseointegration. Highly concentrated protein solu-
tions, such as biological fluids, are used to evaluate if the effect of the
surface properties can be significant in a physiological environment. The
combination of several techniques, both conventional and innovative,
here proposed by the authors, allows for obtaining significant infor-
mation about how much proteins are adsorbed on the different samples
or how they orient and change their 3D structure. By coupling these
results with a thorough surface characterization of the materials, it was
possible to correlate the effect of different surface properties on the
adsorption mechanisms.

2. Experimental section/methods
2.1. Sample preparation

Titanium grade 2 (ISO5832-2, Nilaco Co., Tokyo, Japan) and Ti-6Al-
4V grade 5 alloy (ASTM B348, Titanium Consulting and Trading, Buc-
cinasco, Italy) were obtained as plate or bar (1 cm of diameter), cut into
10 x 10 x 1 mm square samples or 2 mm thick disks and polished using
#400 SiC paper, washed with acetone and ultrapure water in an ultra-
sonic bath, respectively once for 5 min and twice for 10 min, and dried.
Those substrates were subsequently subjected to three different chemi-
cal treatments in order to obtain bioactive metallic surfaces, as deeply
described elsewhere [29-31]. Briefly, pure Ti plates were subjected to a
mixed alkali-acid-heat treatment through a first soaking in 5 M NaOH
solution at 60 °C for 24 h, then the second one in a 50 mM HCI solution
at 40 °C for 24 h and to a final heat treatment at 600 °C for 1 h (reagents
from Kanto Chemical Co., Inc, Tokyo Japan) [29]. In this work, these
samples are labeled as Ti(A-HC-H). Ti alloy samples were subjected to
two different treatments. The first one consists in soaking Ti64 plates in
a 5 M NaOH solution and in a mixed solution with 50 mM CaCl; and 50
mM SrCl,, at 60 and 40 °C respectively both for 24 h. Then the samples
were heated at 600 °C and finally immersed in a solution containing 1 M
Sr(NO3)2 and 1 M AgNOs (reagents from Kanto Chemical Co., Inc, Tokyo
Japan) [30]. These samples are referred to as Ti64(SrAg). At last, Ti64
disks were treated by etching in HF- (Sigma Aldrich, St. Louis, USA) and
subsequent controlled oxidation in HoO, (PanReac AppliChem, Darm-
stadt, GE), according to a patented process [31]. Such specimens are
named Ti64(HF- H,05). As a control, polished up to #4000 grit Ti and
Ti64 samples were used.

2.2. Biological reagents
Pure bovine serum albumin (powder) and fibronectin (lyophilized)

(Sigma Aldrich, St. Louis, USA) were used as label-free proteins.
Fluorescent-labeled proteins were also employed:
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tetramethylrhodamine (TMR)-conjugated BSA (Invitrogen, Waltham,
USA) and rhodamine-conjugated FN (Cytoskeleton, Inc., Denver, USA).

2.3. Protein adsorption

Bovine serum albumin and fibronectin were solubilized in phosphate
buffered saline solution (PBS; Sigma Aldrich, St. Louis, USA) in near
physiological concentrations, 20 mg/ml and 0.2 mg/ml, close to blood
plasma [32,33]. Protein adsorption was obtained by covering the sample
surface with protein solution for 2 h at 37 °C, avoiding the evaporation
of the solution. Then, they were rinsed with ultrapure water, dried under
a laminar flow hood and stored in a fridge. Samples adsorbed with al-
bumin have the suffix _BSA and samples with fibronectin, the suffix FN.

For the KPFM and fluorescent measurement, specific adsorption
protocols were developed. The surface shall be only partially covered by
the proteins, to have an internal control in the potential image: a
contrast is detected between the areas covered and uncovered by the
proteins on the same specimen. Thus, just a small drop of protein solu-
tion was placed on the sample surfaces, and then they were incubated
and washed as before. Fluorescent proteins came in a very limited
amount, so the protein solution volumes were reduced. 10 pl of solution
were placed on the sample and covered with a microscope coverglass
and incubated in a humid chamber, to avoid evaporation, for 2 h at
37 °C. In order to avoid interferences in the fluorescent measurements,
samples were thoroughly washed thrice in PBS and thrice in ultrapure
water. Prior to observation and quantification, the samples were
mounted with a mounting medium (Fluoroshield; Sigma-Aldrich) and
another microscope coverglass.

2.4. Substrate characterization

Morphological characterization of the samples was performed by an
optical profilometer (LSM900, ZEISS, Oberkochen, Germany) and
topographical parameters were evaluated according to ISO 25178. The
height maps obtained with the confocal microscope were analyzed by
the software Confomap. The measurements were performed onto three
different samples for each substrate.

Wettability and surface energy were also investigated. Static contact
angle measurements were performed by the sessile drop technique at
room temperature by means of an FTA 1000C instrument using water
and hexadecane (Sigma Aldrich, St. Louis, USA) as probe liquids, whose
surface tension is 72.1 mN m™! and 28.1 mN m™?, respectively. Three
specimens for each surface were tested. The Owens-Wendt geometric
mean method was employed to evaluate the surface energy and its polar
and dispersive component [34].

Each of these values is reported as average + standard deviation
(SD).

2.5. X-ray photoelectron spectroscopy (XPS)

The different surfaces were investigated by XPS in order to obtain
information on their chemical composition. Measurements were per-
formed on samples prior to and after protein adsorption and also after
the acid range of the zeta potential titration curves;

The chemical composition of the surfaces, before and after protein
adsorption, was obtained by XPS measurements (XPS, PHI 5000 Ver-
saprobe II, ULVAC-PHI, Inc., Kanagawa, Japan). A reference of BSA
powder was analyzed as well. An Al-K source was employed and the take
of angle was set at 45°. Survey spectra of the samples were collected to
analyze the surface composition, while high resolution spectra were
performed for the Cls and N1s region. The Cls peak was set as 284.8 +
0.1 eV [35]. Peaks were deconvoluted by CasaXPS software. Peak fitting
was performed using a Gaussian-Lorentzian (70-30%) curves and
applying a Shirley and a linear background for the Cls and N1s peak
respectively [36-38]. The full width at half maximum (FWHM) was
restrained below 1.7 eV [39] and the peak positions were constrained in
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a + 0.2 eV range from BSA or literature references.
2.6. Protein quantification by chemical assay and fluorescent labeling

The bicinchoninic acid (BCA) protein assay (Thermofisher, Waltham,
USA) was used to quantify BSA adsorbed on the various surfaces. BSA
was detached by soaking in 300 pl of 2% SDS (Bioreagent Thermofisher,
Waltham, USA) for 2 h and the producer protocol was followed to run
the BCA protein assay. In order to obtain a reliable quantification of a
very small amount of proteins, the range of the calibration curve was
extended with respect to the one of the BCA kit: in particular, a linear
correlation between albumin concentration and solution optical density
was observed also in the range 0-10 pg. The standard calibration curve is
reported in Figure S3 (see Supporting information) The measurement
was performed in triplicate with a blank control for each specimen and
the number of proteins adsorbed was calculated with respect to the
specimen surface area. The assay is based on the reducing capability of
proteins towards Cu?*, and the subsequent chelation of two molecules of
BCA by Cu'*, forming purple complexes. Since different proteins can
reduce a different amount of copper ions, precise quantification of a
certain protein is possible only if the calibration curve is obtained by
using the same protein. Due to the availability limitation of fibronectin,
only albumin was quantified with a BCA assay.

The number of proteins adsorbed onto the surfaces was also evalu-
ated thanks to fluorescence intensity measurements. The fluorescent
signal of conjugated proteins was acquired by ChemiDoc MP system
(Bio-Rad), using the Rhodamine application (excitation source: green
epi illumination; emission filter: 602/50 nm). The signal intensity was
collected in the same area in each sample. Due to technical limitations,
BSA and FN adsorbed samples were imaged separately.

2.7. Characterization of the protein distribution on the surface

The distribution of the protein layer on the titanium surfaces was
evaluated thanks to two different techniques: surface potential imaging
with Kelvin probe force microscopy (KPFM) and fluorescent microscopy.

Amplitude modulation KPFM was employed to obtain surface
topography and surface potential simultaneously. This is a dual-scan
system where the forward scan is performed in standard tapping
mode, resulting in the topographical image, while the second scan is
performed in lift mode applying a bias to the tip, allowing to obtain the
surface potential image. The atomic force microscope (Innova atomic
force microscope, Bruker) was equipped with a conductive tip (Sb-doped
Si, frequency 75 kHz, SCM-PIT-V2, Bruker). Images (100 x 100 pm)
were acquired at the border of the area where proteins were adsorbed.
Gwyddion free software [40] was used for data manipulation.

Fluorescent microscopy was performed on the samples by using the
optical profilometer in microscope mode (emission wavelength:
540-562 nm).

The scope of this analysis was to observe the coverage of the surface,
not to quantify or compare the signal intensity among different samples,
which was done as previously described, therefore color gamma has
been post-processed in order to obtain the best visual results. No fluo-
rescent signal has been detected on the titanium surfaces without
adsorbed proteins.

2.8. Zeta potential measurement

¢ potential vs pH curves were obtained for protein in solution, as
prepared surfaces and adsorbed samples. The potential of BSA and FN
was measured via dynamic light scattering (DLS) (Litesizer 500, Anton
Paar, Gratz, Austria): proteins were dissolved in PBS with an initial
concentration of 35 and 0.2 mg/ml for albumin and fibronectin
respectively. A further dilution in KCl 1 mM electrolyte was used to
reach the final concentration of 5 mg/ml for BSA and 0.01 mg/ml for FN
[41]. The protein potential was measured at different pH (2.5, 3, 3.5, 4,
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5, 6, 7, 8, 9) by manually titrating the solutions with NaOH and HCI.

Solid surface { potential was measured with an electrokinetic
analyzer (SurPASS, Anton Paar, Gratz, Austria) equipped with an
automatic titration unit. A pair of samples were mounted on an adjust-
able gap cell and the curve was obtained by performing the acid and
basic titration range separately. As for protein in solution, the electrolyte
was KCl 1 mM and NaOH and HCI 0.05 M were used for titration; 15 pH
points were considered for each range. A new pair of samples was
measured for acid and basic titration, to avoid possible artifacts due to
surface modification at extreme pH [41].

2.9. Attenuated total reflectance (ATR) infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed in
ATR mode with an FTIR spectrometer (Nicolet iN10 Infrared Micro-
scope, Thermo Fischer Scientific, Waltham, USA) equipped with a Se/Ge
ATR tip. Spectra were collected in the range 700-4000 cm ! with the
MCT detector, previously cooled with liquid nitrogen. 64 scans with a
resolution of 4 cm™! were used for each spectrum. Prior to each mea-
surement, the air spectral background was collected with the tip in the
air. Three different spectra were collected for each sample and averaged
before plotting. Deconvolution of the Amide I band was performed with
the dedicated tool in the OMNIC software, Thermo Scientific Peake
Resolve, using the Savitsky-Golay second derivative method for the
minima identification, adopting a Voigt function for the peak shape. A
linear function was employed for the baseline correction.

3. Results and discussion
3.1. Surface properties

Protein adsorption at the interface with biomaterials cannot be un-
derstood and discussed without a deep knowledge of the properties of
the surface itself. This research builds on previous investigations of
surface chemistry, morphology and bioactivity of the surfaces employed
in this work [30,35,41,42]. Herein, a characterization of the surface
features specifically involved in protein adsorption has been carried out
such as surface topography, surface composition and hydroxylation,
wettability, surface energy, and surface potential.

At first, the topographical parameters (Table 1) and the 3D recon-
struction of the investigated surfaces were calculated from laser confocal
microscopy measurements (Fig. 1 a-c). As a reference, two samples
representing the surface before the chemical treatment are considered: a
mirror polished one (Ti64) and a grinded one (Ti64#400). After the
chemical treatments, the samples have higher roughness than the
reference samples and significantly different values from each other,
both considering the average roughness (S,) and the root mean square
roughness (Sg): Ti(A-HC-H) is the roughest and Ti64(HF-H,O2) the
flattest. These results are in agreement with the qualitative observations
reported in previous works: Ti(A-HC-H) and Ti64(SrAg) have an oxide
layer composed of oxide filaments and deep and elongated (along the Z
axis) pores, while Ti64(HF-H502) has a more compact and thin surface
layer, in the form of a nanosponge, with much smaller, less deep, and
circular pores [35,43]. All the investigated surface treatments are
developed for osseointegration and these roughness values are well
suited for osteoblast adhesion and proliferation [44].

Sa and S, values are widely used alone to quantify the roughness, but
they are not enough for a comprehensive characterization of the shape
of the surface features: the S4/S, ratio, skewness (Sg) and Kurtosis (Syy)
are of interest at this purpose. An S value below O corresponds to a
profile with more valleys than peaks, while, on the other hand, a positive
value of skewness is related to a higher distribution of features above the
surface average plane. It is of interest that Ti(A-HC-H) has a positive
value of Sg differently for all the other surfaces and protruding areas are
evident in the 3D reconstruction of the surface (Fig. 1 a). These data are
also confirmed by the probability density function (PDF) and the Abbot-
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Table 1
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Topographical parameters (average + standard deviations) of the investigated surfaces before protein adsorption.

Ti64 Ti64 #400 Ti(A-HC-H) Ti64(SrAg) Ti64(F-H203)
Sq (um) 0.05 + 0.01 0.22 + 0.04 0.96 + 0.21 0.48 £ 0.10 0.25 + 0.03
S, (um) 0.04 + 0.01 0.17 + 0.03 0.77 £ 0.18 0.36 + 0.08 0.12 + 0.02
Ssk —0.49 £+ 0.27 —0.79 + 0.28 0.51 + 0.09 —0.83 £ 0.12 —0.56 + 0.22
Sku 3.16 £ 0.46 4.61 + 0.89 3.236 + 0.141 5.356 + 0.387 5.646 + 2.865
Sq/Sa 1.26 £+ 0.01 1.29 + 0.05 1.26 + 0.02 1.35 + 0.05 1.28 + 0.03
As/Ap 1.000 + 0.000 1.003 £ 0.001 1.009 + 0.002 1.010 + 0.002 1.006 + 0.002

d) [ 20 40 60 80 100 % e) 0 20 40
0.00 Lt

60 80 100 % t) 0 20 40 60 80 100 %
L

424

1.64 4
1.87 4
2.10

pm

234
pm

Fig. 1. 3D reconstruction images of titanium surfaces (a-c) and graphs showing the corresponding probability density function (black line) and Abbot-Firestone curve
(red line)(d-e), the abscissa 0 is set at the highest point of the surface and the axis is directed downward, inside the surface: a,d) Ti(A-HC-H); b,e) Ti64(SrAg); c,f) Ti64

(HF-H205). The dashed lines represent the average line of the surfaces.

Firestone curve, which is the cumulative amplitude density function
(Fig. 1 d-f). In all cases, the PDFs are slightly asymmetrical, showing tails
towards the values lower than the average line of the surface for Ti64
(SrAg), and Ti64(HF-H203), as in the case of surfaces with a predomi-
nance of valleys, and a tail above the average line for Ti(A-HC-H).

Sq/Sa and Sku are correlated, and both refer to the shape of the top
or bottom of the surface features: sharp features are expected if Sku and
Sq/Sa are larger than 3 and 1.25, respectively, which are the reference
values for a Gaussian height distribution. This is the case of Ti64(SrAg),
which is significantly different from all the other surfaces for both the
considered parameters (with low standard variation).

Comparing the surface area (Ag), which corresponds to the real sur-
face area of the samples (while the projected area (A) is the geometrical
area of the measured region), all the treated surfaces show a similar and
a very limited increase of the real surface area with respect to the
reference samples. This is slightly higher, as expected, in the case of Ti64
(SrAg) and Ti(A-HC-H).

In conclusion, the topography of the investigated surfaces can be
summarized as follows: all the surface treatments induce an increment
of roughness and surface area, which is larger for Ti64(SrAg) and Ti(A-
HC-H). Ti(A-HC-H) has some features standing out; this is not surprising
considering that this surface is affected by some fragility and occasional
delamination phenomena [45]. Ti64(SrAg) has deep and sharp pores.
Ti64(HF-H305) has the lowest roughness and depth of the pores. These
data will be useful for understanding the differences in the amount of the
adsorbed proteins because adsorption can be larger on rough surfaces
offering more anchoring sites to the proteins [13].

The surface composition, obtained through XPS, for the various
surfaces is reported in Table S1 (see Supporting Information). All the
samples show the expected chemical composition, along with some
adventitious environmental contaminations [46], with a surface tita-
nium oxide layer and the presence of Ca, Ag, and Sr ions on the surface of
Ti64(SrAg). The degree of hydroxylation has been investigated through
profile fitting of the oxygen region. The results are reported in Table 2

Table 2

Binding energies and composition of the deconvoluted XPS peaks in the Ols
region for titanium samples. The theoretical energies for each component are
reported (-: non detected).

Ols
Binding energy (eV)

TiO OHa OHD (531.6) CO (532.3)/H,0 (532.8)
(529.8)  (530.7)
Ti 530.2 - 531.6 532.4
Ti64 530.1 - 531.3 532.3
Ti(A-HC-H) 529.8 530.8 531.6 532.4
Ti64(SrAg) 530.2 530.7 531.3 532.5
Ti64(HF-H,0,)  530.1 530.7 532.0 532.7 (Hx0)
Peak composition (%)
TiO OHa OHb CO /H,0
Ti 53.0 - 32.6 14.4
Ti64 61.3 - 26.3 12.4
Ti(A-HC-H) 81.3 5.9 8.6 4.2
Ti64(SrAg) 66.8 10.8 17.8 4.6
Ti64(HF-H,0,)  9.69 26.7 15.4 48.3 (H20)

and Fig. 2.

Contributions from the Ti-O bond, OH groups, and adventitious
carbon or adsorbed water (on Ti64(HF- H505) were found on all the
surfaces. It can be observed that Ti and Ti64 have about 30% of the
surface oxygen ions involved in OH groups and they have a basic
behaviour (OHb), while the treated surfaces have between 19% and 42%
of them. OH groups with an acidic behaviour (OHa) are absent on the
untreated substrates and increase moving from Ti(A-HC-H), Ti64(SrAg),
and Ti64(HF HF- H,0,) [39,47,48].

The measured water contact angles (0) of the investigated surfaces
are presented in Table 3. The surface treatments increase the wettability
of the titanium surfaces, even though the difference between Ti(A-HC-H)
and its control is not statistically significant. In particular, the lowest 6
are observed for Ti64(HF-H205) and Ti64(SrAg).
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Fig. 2. Deconvolution of the O1ls region for the treated titanium samples.
Table 3 The various treatments strongly change the surface zeta potential
able

Static water contact angle for the untreated and treated

titanium surfaces.

Sample 0 (£St.Dev)(°)
Ti 49.2 + 4.4
Ti64 53.5 + 3.0
Ti(A-HC-H) 44.2 +£ 2.8
Ti64(SrAg) 7.4 +04
Ti64(HF-H,0,) 28.4 + 4.8

(Fig. 3-b) and exposed functional groups, as has been deeply discussed in
another work [35]. Ti and Ti64 have their isoelectric point (IEPs), which
is the pH value that corresponds an overall zero charge of the surface, at
4.1 as expected for titanium and all surfaces without surface functional
groups with a strong acid-basic reactivity [50]. In agreement with IEPs,
both curves are characterized by the absence of evident plateaus, related
to the absence of deprotonated/protonated functional groups affecting
the surface zeta potential. We can conclude that, even if basic OH groups

The results of the surface energy measurements are reported in
Fig. 3-a. As expected from contact angle data, the untreated surfaces
have the lowest values while the surface treatments increment the SFE,
which is the sum of the polar (y?) and dispersive (y¢) components. Ti64
(SrAg) shows the highest total surface free energy, followed by Ti64(HEF-
H,05). A significant increment with respect to the control surfaces was
not observed for Ti(A-HC-H). Interestingly, the dispersive component of
the surface energy, which is due to temporary variations of the charge
distribution in the molecules, is the same for all surfaces, while the polar
one varies. Since y® is due to the functional polar groups or charged ions
on the sample surface, the increase in the hydroxylation of Ti64 samples
due to hydrogen peroxide treatment and especially to the incorporation
of Sr** and Ag" ions in the oxide layer is expected to increase the polar
part of the surface energy. The trend of the polar component of SFE is
correlated to that of wettability and it has been previously reported [49].

a)

(o]
(=}

are present on these surfaces (see Table 2), they are not protonated in the
explored pH range and they have a weak acid-basic reactivity. After
treatments, all the surfaces have very different IEP and curve shapes
than the untreated surfaces (Fig. 3-b). The acid-alkali treatment Ti(A-
HC-H) results in a more positive surface, shifting the IEP to a higher
value (5.6). The plateau in the acidic range suggests the presence of
basic OH groups on the surfaces, which are fully protonated at a pH
lower than 3.5, as expected for anatase surfaces [29]. Contrary, both
Ti64(SrAg) and Ti64(HF-H205) have a very low IEP, respectively at 2.9
and 2.6 (deduced by interpolation), and a very clear plateau in the basic
range, with similar onset at around 4.5. On those surfaces, the OH
groups have a strong acidic behavior and they deprotonate completely at
quite a low pH.
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Fig. 3. a) total surface free energy of the different surfaces (whole bars) and their respective dispersive (dark grey bars)) and polar components (red bars); b) zeta

potential titration curves of the samples.
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3.2. Effect of surface treatments on the affinity for albumin and
fibronectin

The amount of albumin and fibronectin adsorbed on the different
surfaces was measured because it is among the main parameters that can
control the interactions of titanium surfaces with cells [6]. Enhanced
adsorption of the proteins with antiadhesive properties, such as albu-
min, is generally reported to hinder osteoblast, macrophages, and bac-
teria adhesion/proliferation resulting in a larger anti-inflammatory
response and lower risk of infection, but lower osseo-induction ability,
too [51]. On the other side, fibronectin is recognized as an adhesive non-
collagenous glycoprotein resulting in faster osseointegration. A proper
ratio between the adsorption of these two proteins is needed for surfaces
able to induce osseointegration and with anti-inflammatory properties,
to avoid chronic inflammation and fibrotic encapsulation of the implant.

The presence of an adsorbed layer of albumin and fibronectin on all
the surfaces was confirmed by XPS chemical analysis (Table S2 in
Supporting Information). Nitrogen is a typical element of proteins and
its increase is reported as a marker for protein adsorption [52,53]. Ac-
cording to Foster et al. [54], 9% of nitrogen corresponds to a complete
surface coverage of the examined area. The atomic nitrogen is above
such threshold for all the samples but Ti(A-HC-H)_BSA (Table S2),
therefore, it is possible to hypothesize that proteins form a continuous
layer on such surfaces. On Ti(A-HC-H)_BSA, the N% is a bit lower than
the threshold value, but this can be related to local delamination of the
oxide layer, as already described, reducing the amount of protein on the
surface of this specimen. The other characterization techniques will
confirm the formation of a continuous protein layer, also on this type of
surface, by analyzing a larger area of the surface.

In this work, albumin and fibronectin adsorbed on the surfaces were
quantified with two different techniques. Bicinchoninic acid protein
assay is a well-established method to evaluate the concentration of
proteins in a solution and it is widely employed for evaluating the
amount of adsorbed proteins on titanium biomaterial surfaces, after they
have been detached [19,55,56]; the results are shown in Fig. 4-a. All the
chemical treatments are able to enhance the adsorption of albumin, with
a statistically significative difference with respect to the controls. Ac-
cording to these data, the treated surfaces were found to adsorb a similar
amount of proteins, in a range from 2.65 to 3.3 pg/cmz.

The use of fluorescently labeled proteins allows a qualitative analysis
of the number of proteins adsorbed, through direct optical detection of
the fluorescent signal on the sample surfaces. The treated surfaces show
again a much higher affinity for proteins with respect to the mirror
polished controls and, according to these data, clear differences can be
appreciated also between the different treatments, both for albumin and
fibronectin (Fig. 4-b). Ti(A-HC-H) and Ti64(SrAg) can adsorb a bigger
amount of albumin and fibronectin with respect to Ti64(HF-H203), with
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a larger difference in the case of BSA. The difference between the Ti(A-
HC-H) and Ti64(SrAg) is also significant.

By comparing the results obtained with the two analytical methods,
it is possible to hypothesize a limitation in the BCA protein assay for the
investigation of albumin adsorption on biomaterials. It has been already
acknowledged that sodium-dodecyl sulfate (SDS) cannot remove all the
proteins from a surface[57] with different efficiency according to the
particular investigated protein. Since only the detached proteins are
detected by the BCA protein assay, different removal efficiency by the
SDS, which can be related to protein-surface interaction strength, will
lead to an underestimation of the adsorbed proteins and an incorrect
comparison between the surfaces. Here, the great differences in the
comparison between samples observed in the albumin adsorption
investigated by BCA or fluorescent proteins may be related to a very
limited detachment of proteins from the pores, mainly on Ti(A-HC-H)
and Ti64(SrAg) samples, and to different binding strength. It is there-
fore necessary to carefully consider whether the BCA protein assay is a
suitable technique for providing quantitative results on the protein
adsorption on structured surfaces for biomedical applications.

The enhanced adsorption of proteins on the treated surfaces may
arise from different factors. It is reported in the literature that the micro-
and nano-structures of the surfaces increase the available protein
binding sites [13] and pores can act as physical traps for proteins [58].
On one side, surface hydrophilicity is generally regarded as a limitation
for protein adsorption, on titanium biosurfaces, as well as on other
materials [59,60]. On the other side, an increase in wettability can avoid
a Cassie-Baxter regime, stimulating surface-solution contact within the
pores. A higher SFE, in particular the polar component, was found to
promote protein-surface interactions [61]. In the surfaces investigated
in this work, there is a concomitance of factors. All the treated samples
have both higher roughness and porosity and yP? with respect to the
untreated controls, accounting for the great increase in the adsorption.
Even though Ti64(HF-H205) has higher SFE than Ti(A-HC-H), close to
the one of Ti64(SrAg), it adsorbs much fewer proteins, in particular
looking at the fluorescence data. It can be concluded that the morpho-
logical effect overcomes the chemical one in determining the amount of
adsorbed proteins on titanium surfaces. It must be considered that the
difference in the exposed surface area among the treated surfaces is not
so high to explain the different adsorption: it means that the shape of the
porosity has a role and the deeper pores on Ti(A-HC-H) and Ti64(SrAg)
can physically entrap more proteins than the compact porosity of the
Ti64(HF-H502). When the pore structure is similar, as in the case of Ti
(A-HC-H) and Ti64(SrAg), the latter is the one adsorbing more, thanks
to the sharp shape of the pores. The higher surface energy, and presence
of silver and strontium, which are known to have a strong affinity for
proteins [62,63], can play a second order role. The surface morpho-
logical effect is greater when albumin is involved in adsorption instead

a) BSA b) BSA FN
40
b *iug 41§
351 = i ~ I
«F 3 I 3 J
3,0 1 b d b *Fh >
§ 21 £
25 J = 2
3 g Ei *U
> = 5
£20 g g
3 g 2
< [ E i
50e] : | :
5 9 *
1,0 4 j g 2 7
[ >
= -
05 %
o0 1R . —— . == .
& 2 ) D 2 N > N B S N &> 2 By ~
<F & > e o> ~ <F n'\\ o o s < ’\ & o
B R & < RS ; & o R
N <® & \y <® & & N &
<& <¥ &F

Fig. 4. a) Albumin (bovine serum albumin, BSA) quantification by BCA protein assay; b) BSA and fibronectin (FN) quantification by fluorescent-conjugated proteins.
Statistical significance was set at a p < 0.05: * vs Ti; ¥ vs Ti64; vs Ti64(HF-H50,); § vs Ti(a-HC-H).
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of fibronectin due to their different dimension: fibronectin is much
larger than albumin and it can penetrate less within the pores. As an
effect, Ti64(HF-H205) has a larger difference in the amount of adsorbed
albumin, but a lower one concerning fibronectin when compared to the
other treated surfaces.

3.3. Surface coverage and imaging of the protein adsorbed layer

Cell-biomaterial interactions are mediated by the transient protein
matrix, where it forms. So, the distribution of the protein layer on the
surface is fundamental to understanding the biomaterial biological
response. The results of the fluorescent imaging are shown in Fig. 5. No
autofluorescence was observed for titanium substrates without proteins
(images not shown).

On all the surfaces, both albumin and fibronectin form a continuous
layer. On Ti64(SrAg) and, to a lesser extent, on Ti(A-HC-H) there seems
to be an accumulation of proteins within the grooves. This can confirm
the effect of the surface topography on protein adsorption. The
adsorption on Ti64(HF-H203) seems more homogeneous, possibly due
to the lower roughness and absence of very deep valleys. Looking at the
fibronectin adsorbed onto Ti(A-HC-H) it is possible to notice some black
areas, where there are no or very few adsorbed proteins. As already
explained, the oxide layer on this surface can occasionally delaminate:
on those points, the adsorption is extremely lower, confirming the
extreme increase of protein-surface interactions where the chemical
treatment has been effective.

The extent of the protein layer was also observed at larger magnifi-
cation, thanks to the use of KPFM. The topographical and surface po-
tential images after albumin adsorption on a limited area of the sample
surface are reported in Fig. 6.

On each substrate, the adsorbed protein layer is not observable in the
topographical images, while it is revealed in the surface potential ones.
The areas exposed to albumin show a lower potential (darker color)
compared to the clean surfaces (yellowish). As already reported in the
literature, biomolecules, such as DNA, have a lower potential than
biosurfaces [64,65], and this was observed specifically for albumin on
Ti6Al4V alloy by Rahimi et al. [66] and by the authors in previous work
[67]. Thanks to this technique, it is possible to observe the protein layer
at much higher magnification with respect to fluorescent microscopy,
allowing to assess the homogeneity and continuous coverage of the
protein layer on all the surfaces, in particular on Ti(A-HC-H) and Ti64

Ti(A-HC-H)

BSA

200 ym
| T |

FN

200 pm

Ti64(SrAg)
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(HF-H505). On Ti64(SrAg) the potential of the adsorbed proteins is a
little less homogeneous, possibly depending on the intrinsic variation in
the surface potential of the substrates (here not shown). Still, it is
possible to see the accumulation of proteins within the grooves, such as
the one almost in the center of the image, which is very dark, confirming
the effect of topographical features in the adsorption process. The
variation in the differences between the surface potential of the speci-
mens and the one of the adsorbed BSA, which is about 150 mV for Ti(A-
HC-H), 15 20 mV for Ti64(SrAg) and 50 mV for Ti64(HF-H20,), may be
due to a different work function of the substrates themselves, that
change up to some volts, [68] or to a different orientation of the proteins
on the surface.

The KPFM images obtained for fibronectin adsorption on a limited
area of the samples are reported in Fig. 7. They are very similar to the
ones obtained for albumin adsorption. Also with fibronectin, a contin-
uous protein layer is formed on all the substrates and it can be detected
only in the potential images. The potential differences between the three
titanium surfaces and the FN adsorbed layer are 70 mV, 25 mV and 80
mV for Ti(A-HC-H), Ti64(SrAg) and Ti64(HF-H,05), respectively.

The fact that the protein layer is not observable in the topographical
images correlates with the hypothesis that protein adsorption occurs in a
monolayer or very few molecular layers, with a thickness of few nano-
meters [69,70]. Furthermore, the fact that the topographical features
are not hidden by the transient protein matrix is beneficial for the
osteointegration of the surfaces: after the formation of the protein layer,
osteoblasts will still be able to sense the surface roughness, which can
stimulate their adhesion and activity [71].

3.4. Protein orientation and conformation after adsorption

The biological activity of proteins is closely dependent on their 3D
structures, both secondary and tertiary. For example, a change in the
protein chain folding can deactivate enzymes [72] or fibronectin can
expose cell binding RGD sequences upon denaturation [73,74]. Also,
according to the orientation of the protein on the sample, different areas
of the protein surface may be turned outward, with the exposition to the
environment of hydrophilic/hydrophobic patches or positive/negative
residues [11].

The chemistry of the adsorbed proteins was investigated by decon-
volution of the Cls and N1s XPS peaks (Table 3S and Fig. 1S in Sup-
porting Information) and the measurements confirm that both albumin
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Fig. 5. Fluorescent images of rhodamine-conjugated albumin and fibronectin adsorbed on the different surfaces (200x).
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Fig. 6. KPFM images of samples after albumin adsorption on a portion of the surface: topographical image (first row); surface potential image (second row); potential
profile along the white line (third row). Dashed lines separate areas without (left of the line) and with (right of the line) albumin layer.

and fibronectin are chemically un-modified after adsorption, with any
rupture or formation of covalent bonds. It is also confirmed that they
adsorb in their charged form, with both negative COO™ and positive NH3
groups present on the surface. Those groups may have an active role in
the adsorption process, in particular by forming hydrogen bonds or
electrostatic interactions with the hydroxyl groups of the titanium sur-
faces [16,75].

Being very sensitive to a wide range of surface modifications, the zeta
potential may provide interesting information about the charge and
hydrophilicity characteristics of the surfaces, before and after protein
adsorption. Similarity among titration curves means that similar func-
tional groups are exposed on the surfaces. When there is an adsorbed
protein layer, this shows that proteins have the same orientation or
three-dimensional conformation (tertiary structure) upon adsorption.
Eventual changes in the protein structure adsorbed on titanium sub-
strates will also result in titration curves different with respect to the
ones of the native protein in solutions.

To be sure of the real meaning of the titration curves on the surfaces
upon adsorption, it was verified if the adsorbed protein layer was
eventually removed during the titration measurements. This is also of
biological interest because the higher the residual protein after the acid
titration, the stronger are the protein surface interactions, even if the pH
goes down as it occurs during inflammation (pH 4.0-4.5). The amount of
nitrogen detected on the surface by XPS after the acid titration has been
used for this purpose. Both on Ti_BSA and Ti64_BSA, the amount of re-
sidual N after the acidic titration (Table 4) is sensibly less than the one
found just after adsorption (Table S2 in Supporting Information), as a
consequence of protein detachment during the titration. During an
electrokinetic zeta potential measurement, reactions or modifications of
the surfaces can determine instability of the potential values and, as
consequence, high standard deviations [35]. Therefore, the pH at which
proteins begin to detach from the surface can be found where the
standard deviation increases. In the case of Ti_BSA and Ti64_BSA, the

deviations are low (<5 mV) for most of the measurements, spiking up to
values greater than 10-15 mV at pH equal to or lower than 4. Instead, on
all the treated surfaces, the nitrogen amount is comparable to the values
obtained just after albumin adsorption, signaling that the protein is not
washed away. In fact, for these samples the standard deviations are al-
ways low (<5 mV) along with all the titration measures. This means that
the interactions between albumin and the chemically modified surfaces
are strong and stable enough not to be disrupted by the electrolyte flow
or the pH titration.

IEP of Ti(A_HC-H) with FN is not significant and not reported.

After fibronectin adsorption, the samples mostly behave in the same
way. On Ti_FN and Ti64_FN both the N% and the standard deviations
along the titration indicate a detachment of the proteins around pH 4,
while on Ti64(SrAg)_FN and Ti64(HF-H,05)_FN adsorbed fibronectin is
not removed.

Protein detachment from the reference polished surfaces might be
caused, among other factors, by the changes in the surface charges. In
fact, below pH 4, both Ti and Ti64 surfaces are positively charged and
the proteins lose their negative functional groups, since -COO~ get
protonated at about the same pH [76] exposing only the protonated
amino residues. The absence of porosity on the untreated samples have
also a role in weak adsorption. It is of biological interest that the
adsorbed proteins are chemically instable and easily detached from Ti
polished surfaces at pH close to the inflammatory response.

On the other hand, Ti64(SrAg) and Ti64(HF-H30,) expose deproto-
nated hydroxyl groups in all the measured pH range (acting as a strong
acid), being always capable of binding with the positive patches on the
proteins even at inflammatory pH.

Ti(A-HC-H)_FN is an exception. In fact, the standard deviations on
this curve are very low during the titration, but the final N% is greatly
reduced with respect to before the zeta potential titration. It can be
supposed that fibronectin is early detached from the surface even before
the titration starts. The weak link of fibronectin to Ti(A-HC-H) is of
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Fig. 7. KPFM images of samples after fibronectin adsorption on a portion of the surface: topographical image (first row); surface potential image (second row);
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Table 4

IEPs of the surfaces as prepared (a.p.) and after adsorption of albumin and
fibronectin. The nitrogen atomic percentage on the surfaces after the zeta po-
tential titration in the acidic range (-, not applicable).

IEP N% residual

a.p. BSA FN BSA FN
Protein - 4.5 4.9 - -
Ti 4.1 5.0 4.6 8.43 8.11
Ti64 4.9 4.8 4.6 8.23 6.92
Ti(A-HC-H) 5.6 5.0 - 11.09 3.01
Ti64(SrAg) 2.9 4.6 4.4 10.67 13.12
Ti64(HF-H205) 2.6 4.5 4.3 12.93 11.68

biological interest. The high IEP of this surface and its positive charge at
any pH lower than 5.5 can play a role in this phenomenon. Albumin is
not removed during the potential measurement thanks to a more effi-
cient entrapment inside the surface pores, due to its small dimension. A
secondary effect can be due to the mechanical instability of the oxide
layer of this surface, too [45,77]. Because of this result, the Ti(A-HC-H)
_FN curve cannot be considered informative for the characterization of
the adsorbed layer of fibronectin.

After albumin adsorption (Fig. 8-a) the potential titration curves are
different compared to the bare substrates and protein in solution (Fig. 3-
b). In particular, the IEPs of all the substrates are moved towards the one
of BSA (Table 4), which is about 4.5 [78], confirming the presence of an
adsorbed protein layer and mostly complete surface coverage.

The curves of Ti_BSA and Ti64_BSA are quite similar, meaning that
albumin assumes a similar tertiary conformation and orientation on the
untreated surfaces. With respect to the native protein, albumin adsorbed
on Ti and Ti64 exposes more hydrophobic moieties outwards, since the
linear segment of the curve around the IEP has a much higher slope [79].

In the same way, albumin adsorbed on Ti64(SrAg) and Ti64(HF-H,05)
has a very similar behavior of the zeta potential versus the pH, with the
same IEP and same zeta potential at the plateau. The adsorption on these
surfaces may lead to a similar 3D structure of the protein in the transient
layer, which is also quite close to the tertiary structure of albumin in
solution (hydrophilic moieties outwards). In the case of Ti(A-HC-H)
_BSA, adsorbed albumin seems to be in a configuration that is almost
in the middle between that the other treated surfaces and the untreated
ones.

In the case of adsorbed fibronectin (Fig. 8-b), the presence of a
protein layer is again confirmed due to the shift of the IEPs, the N res-
idues (Table 4) and the changes in the shape of the titration curves,
compared with the bare substrates and protein in solution (Fig. 3-b); as
already explained, an exception is Ti(A-HC-H)_FN. The adsorbed fibro-
nectin assumes a similar 3D configuration both on the untreated and
treated surfaces. Ti_FN and Ti64_FN overlap almost perfectly and show
more hydrophobic behavior with respect to native fibronectin, as it
occurs for albumin. Ti64(SrAg)_FN and Ti64(HF-H205)_FN are slightly
shifted with respect to the untreated surfaces, but they have a similar
slope around the IEP. In the case of the adsorbed fibronectin, it can be
assumed that its orientation and tertiary structure are not significantly
changed by the type of the surface, probably because of the larger
dimension of the protein, and it exposes in any case much more hy-
drophobic moieties than the native configuration, after adsorption.

Both Ti64(HF-H50,)_BSA and Ti64(HF-H05)_FN show the onset of
the plateau in the basic range at lower pH than the other samples, but it
cannot be excluded that the underlying substrate and the thinner
adsorbed layer have an effect on this behavior.

In conclusion, concerning the tertiary structure and orientation of
the proteins: albumin adsorbed on treated surfaces is closer to the native
proteins (more hydrophilic moieties outwards) than it is on the
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Fig. 8. Zeta potential titration curves of untreated and treated titanium surfaces after adsorption of albumin (a) and fibronectin (b). The curves of the respective

proteins in solution are also reported.

untreated surfaces, while fibronectin has a similar tertiary structure on
the treated and untreated surfaces with more hydrophobic moieties
outwards than in the native state. Both proteins have a compact form
when in solution, and albumin has been reported to maintain its overall
structure, with hydrophobic domains inwards and hydrophilic domains
outwards, when adsorbed on hydrophilic surfaces, while it tends to
spread on hydrophobic ones [80], in agreement with the { potential
results. As consequence, the main ligand binding sites of albumin I and II
[32], contained in hydrophobic cavities in subdomains ITA and IIIA [81],
are hidden from the surrounding environment. Contrary, fibronectin
tends to assume a more elongated conformation on surfaces with higher
wettability [82]. The change of fibronectin spatial organization after
adsorption on the treated surfaces can be beneficial thanks to the
exposure of the RGD well known adhesive sequence, that can be
recognized by a5p1 integrins on the cell membrane and increase cell
adhesion [83]. According to the results, it can be speculated that the
tertiary structure of albumin is more strongly affected by the charge,
wettability, polar component and SFE of a surface, which are similar for
Ti64(SrAg) and Ti64(HF-H205), than by other surface features. On the
other side, a big protein such as fibronectin is less affected by these
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surface characteristics.

The protein-surface interactions, along with entropy gain associated
with the adsorption process, can alter the equilibrium of forces (hy-
drophobic, electrostatic, hydrogen and Van der Waals bonding) that
maintain the 3D structures of the peptide backbone and secondary
structure, such as a-helices and p-sheets [84]. It has been demonstrated
that adsorption on different titanium surfaces can alter the secondary
structure of albumin [55] and fibronectin [85], reducing or increasing
the number of helices and sheets according to the amount and type of
OH surface groups. A suitable characterization technique to investigate
this aspect on adsorbed proteins is FTIR:

After adsorption of albumin and fibronectin, the FTIR spectra
collected on all the modified surfaces show the typical protein adsorp-
tion bands, Amide I and Amide II, (Fig. 9). The Amide I band (=1650
cm 1) arises from the stretching vibration of C=0 bonds and it is strictly
dependent on the secondary structure of the protein, the Amide II band
(~1550 cm™ 1) is due to a combination of the CN stretching vibration and
the NH in plane bend, its correlation with the protein secondary struc-
ture is less obvious than for the Amide I.[86] As consequence, the Amide
I band was deconvoluted in order to assess the effect of the surfaces on
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Fig. 9. Amide I and Amide II bands region of BSA (a) and FN (b), as native or denatured proteins and after adsorption on the different samples, with deconvolution of
the Amide I band. The component positions of the native (solid lines) and denatured (dashed lines) proteins are also reported.

10



J. Barberi et al.

the conformation of adsorbed proteins. After adsorption of both pro-
teins, Amide I and Amide II bands, which were absent prior to adsorp-
tion (Figure S2), were analyzed on each sample (Fig. 9).

In the albumin reference spectra (Fig. 9-a), Amide I band has a single
component, at 1648 cm™?, corresponding to the a-helix. After thermal
denaturation, while the a-helix band remains unchanged, two contri-
butions arose, one at lower wavenumber (at about 1624 cm™ 1) that can
be attributed to the formation of -sheets, and a minor one (at about
1670 cm™1), due to B-sheets or pB-turns [87-89]. After adsorption on Ti
(A-HC-H) and Ti64(SrAg), the contributions of a-helix and p-structures
have been found, indicating a partial denaturation after adsorption, with
a partial loss of the helical portion (Table 5). On Ti64(SrAg), a broad
band around 1580 cm ™! was also detected and can be attributed to a
signal from the substrate (Figure S2-b). A much stronger denaturation
was observed on Ti64(HF-H50,), where a shift of the main band was
observed to values corresponding to unordered structures (1643 cm™?)
[86,90,91]. The quantitative evaluation of the loss of the o-helices,
which derives from the calculation of the integrated areas of the
deconvoluted components, should be considered with the due caution,
particularly to the spectral resolution used for these analyses, which is
nominally 5 em ! and to the eventual overlapping of minor signals of
the substrate, as well as the deconvolution method itself, could influence
the fine positioning of the single fitted components. However, the reli-
ability of the obtained results is supported by literature and by the
coherence of these findings with knowledge provided by the other
measurements carried out in this study.

Regarding fibronectin (Fig. 9-b), the native and denatured proteins
show contributions corresponding to random coils at 1644-1641 cm ™
p-sheets at 1619 and 1623 cm ™!, and B-sheets/p-turns at 1673 cm ™ * and
1665 cm™'for FN and FN_h, respectively. The denaturation provokes a
small band shift and a reduction of the random coils, while the p-sheets
or p-turns structures increase (Table 5). Still, as already discussed for
BSA adsorption, the accurate quantitative evaluation of the contribution
of random coils and p-sheets is calculated through the relative evalua-
tion of the measured samples, being conscious of the practical diffi-
culties related to the strict determination of the number of components
of a band and their actual frequency upon deconvolution of strongly
overlapped peaks. However, the obtained results show that fibronectin
adsorbed on Ti(A-HC-H) and Ti64(SrAg) has a similar loss of the B-sheet
structure (Table 5), in favour of the formation of random coils and
p-turns. On the other hand, FN shows a very broad contribution at 1639
cm ™! on Ti64(HF-H,0,), which here was namely attributed to p-sheets.

In conclusion, when proteins adsorb on the titanium treated surfaces,
denaturation occurs in the case of both albumin and fibronectin, with
different characteristics on each surface. On Ti(A-HC-H) and Ti64(SrAg)
the proteins adopt a similar conformation, while on Ti64(HF-H305) the
results are quite different. Albumin and fibronectin almost retain their
native structure on the former two surfaces, while it is more disrupted on

Table 5
Secondary structure of albumin and fibronectin after adsorption on the modified
titanium surfaces.

p-sheets/ a-helix random coils  p-sheets
turns
1660-1680 1650-1660  1640-1650 1620-1640
BSA - 100% - -
BSA_h 5% 66% - 29%

Ti(A-HC-H)_BSA

Ti64(SrAg)_BSA

Ti64(HF-H202)
_BSA

FN

FN_h

Ti(A-HC-H)_FN

Ti64(SrAg)_FN

Ti64(HF-H202)
_FN

38%
24%
39%

62% - -
76% - -
_ 61% _

30% -
40% -
30% -
39% -
18% -

55% 15%
47% 13%
70% -

61% -
- 82%
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the latter. Secondary structures of adsorbed proteins, albumin in
particular, have been found in the literature related to the surface
chemistry of titanium substrates: a high surface hydroxylation is related
to a loss of a-helices, while negatively charged surfaces may promote
B-sheet structures [55]. Our data agree with this hypothesis and they
allow us to take a step forward. Ti64(HF-Hy05) has a high amount of
strong acidic OH groups, which are in the Ti-O~ state at the pH of
adsorption, and this can explain the high content of random coils and
fB-sheets that compose adsorbed albumin and fibronectin, respectively.
On the other hand, the presence of acidic OH groups is not the only
determining factor for protein denaturation. Ti(A-HC-H) and Ti64(SrAg)
have both acidic OH, in different concentrations with respect to one
another, still proteins adsorbed on them have a similar structure, less
denatured than on Ti64(HF-H,0,). It seems that there is a threshold in
the concentration of total and acidic OH below which the protein-
surface interactions are not enough to disrupt the protein secondary
structures. Changes in the protein secondary structure after adsorption
are reported to have an impact on cell adhesion and spreading on the
materials. Recently, a decrease in the a-helical content has been re-
ported as beneficial for stromal cell adhesion [92], and a pro-adhesive
behavior of the albumin layer has been also reported in the case of
macrophages and platelets [93]. As well as fibronectin spreading on the
surface after adsorption, the changes in its secondary structure can
contribute to revealing the RGD tripeptide for cell recognition and
binding. Thus, the different conformation of adsorbed albumin and
fibronectin, in particular on Ti64(HF-H20,), can affect the response of
relevant cells such as macrophages, fibroblasts and osteoblasts. Indeed,
the results presented in this paper are in line with previous studies where
the biological activity of the different treatments has been studied
separately. Ti(A-HC-H) has superior bone bonding ability, in terms of
bone maturation and detachment load, than untreated pure titanium
[94]. Besides the increased bioactivity (precipitation of hydroxylapatite)
of the treated surface, higher adsorption of pro-adhesive proteins than
the untreated Ti surface can improve surface colonization by osteopro-
genitor cells. Ti64(SrAg), despite the assessed antibacterial property, has
no cytotoxic effect on hFOBs [30] and can stimulate the osteogenic
differentiation of rat-derived bone marrow stromal cells [95]. The
augmented amount of adsorbed proteins can have a role in this behav-
iour. At last, Ti64(HF-H,05) has proven to elicit BJ2 human fibroblast
adhesion and motility and to reduce the pro-inflammatory activity of
THP1 derived macrophages compared to untreated Ti64 [96]. Further-
more, the treated surface showed anti-adhesive behavior toward both
Gram-negative and Gram-positive bacteria [42]. Increased albumin
adsorption may account for the reduced bacterial adhesion and the anti-
inflammatory effect of the treated surface, while higher fibroblast
adhesion can be correlated with a higher number of RGD binding se-
quences exposed by denatured fibronectin. Further studies must be
carried out to directly compare these surface treatments in terms of cell
response, for the evaluation of the effect of the different adsorption
properties. This topic will be object of a comprehensive future investi-
gation, already partially undertaken by the authors of the present paper.

Unfortunately, FTIR analysis of the protein secondary structure has
demonstrated some limitations, due to the presence of strong interfering
bands because of the OH groups on the surfaces, as already reported by
the authors [67]. This is an issue that needs to be addressed in future
studies, since biomedical materials are often designed specifically for
having a hydroxylated surface [4].

4. Conclusion

In this work, the adsorption of albumin and fibronectin, two of the
most abundant and relevant proteins in blood serum, has been deeply
characterized and investigated on bioactive titanium surfaces, specif-
ically designed for bone contact application. The adsorption process was
investigated in conditions as close as possible to the physiological ones,
in terms of pH and protein concentrations, which have been rarely
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reported since now. Chemical treatments on titanium surfaces greatly
enhanced the adsorption of both proteins, thanks to a combined effect of
different factors. The presence of a highly porous oxide layer is the major
cause of more protein adsorption and, as in the case of Ti(A-HC-H) in
comparison with Ti64(HF- Hy0,), it can overtake the chemical effects
such as an augmented SFE or a higher surface hydroxylation degree.
Still, the latter two factors have a proven effect on the interactions be-
tween the surface and the proteins. Albumin and fibronectin are
adsorbed chemically intact and in their zwitterionic form, making a
nanometric and homogenous layer on all the surfaces. Their structures,
both secondary and tertiary, are affected during the adsorption process,
leading to denaturation and conformational changes to different extent
depending on the surface they are adsorbed on. In particular, -OH
groups play a major role in determining the proteins’ secondary struc-
ture, according to their amount on the surface and their acidic
characteristic.

This work may help to improve the knowledge of the interplay be-
tween surface properties, such as porosity, SFE and hydroxylation, and
the protein adsorption from biological fluids.
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