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characterization techniques for study the adsorbed proteins. These techniques must be suitable to be
directly used on the surfaces of clinical interest. In this paper, the characterization of surfaces with topog-
raphy and chemistry developed for osseointegration is performed by innovative surface analysis tech-
niques to investigate the properties of adsorbed bovine serum albumin. Ti6Al4V alloy chemically
treated with an oxidative process to obtain peculiar surface features (roughness and surface hydroxyla-
tion) was tested and compared with mirror-polished titanium. Albumin forms a continuous layer on both
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Protein adsorption Ti surfaces when adsorbed from near physiological concentrations, as proved by Kelvin force probe
Titanium microscopy. It was observed that the hydroxylation degree plays a pivotal role in determining the con-
Zeta potential formation of proteins after adsorption, where it strongly drives protein unfolding, as confirmed by
Kelvin-probe force microscopy Surface Enhanced Raman scattering, and in influencing the mechanism and chemical stability of

protein-surface interactions, which was highlighted by zeta potential titration curves.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Evolution of metal implants progressively shifted the focus
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and, finally, to multifunctional surfaces, such as osteogenic and
antibacterial [1]. In particular, the current clinical demand requires
multifunctional surfaces for bone contact able to achieve fast
osseointegration in critical patients, with sealing adhesion of soft
tissues to avoid bacterial infiltration (in case of transcutaneous or
transmucosal implants), with tailorable active antibacterial action,
and modulation of the inflammatory response [2]. This evolution
was achieved by different material engineering approaches such
as deposition of thick and thin inorganic coatings [3], chemical sur-
face treatments [4], or growth of nanostructures such as nanotubes
by surface anodization [5] and finally surface functionalization/-
coating with biomolecules or drugs [1]. The goal is to achieve tai-
lored surface roughness (both at the micro- and nano-scale) and
chemistry for such a multifunctional behavior [6].

One of the crucial aspects to achieve effective biomaterials, lies
in the possibility to tailor adsorption of proteins, to elicit an appro-
priate cellular response. To attain this purpose, it is necessary to
deepen the knowledge on adsorption of proteins on surfaces for
osseointegration, which is not fully understood due to the com-
plexity of the phenomenon [7]. The formation of a protein layer
takes place within minutes since implantation and it mediates
the further interaction of the surface with the cells [8]. Many sur-
face properties, such as surface chemistry, charge, wettability, and
roughness affect not only the amount of the adsorbed proteins, but
also the type of bond created with the surface and conformation of
the adsorbed proteins [9]. Specifically, the inflammatory response,
which is a crucial phase for the good success of an implant, and
should always be maintained under control, is mediated by protein
adsorption on the implant surface [10]. The presence of anti-
inflammatory proteins within the adsorbed layer, such as albumin,
can reduce the long term inflammation processes [11]. As an exam-
ple, downregulation of pro-inflammatory cytokines was registered
on hydrophilic-modified Ti surfaces [12].

Specific sensitive techniques for surface characterization, suit-
able to be applied on a wide variety of biomaterials in terms of sur-
face chemistry and roughness, are of primary importance for this
purpose. Currently, investigation of adsorption on mirror-
polished model surfaces can be performed through several tech-
niques (such as spectroscopic ellipsometry and quartz crystal
microbalance, QCM), but there is a lack of characterization tech-
niques suitable for the real implant surfaces which are usually
rough at the micro-scale and present non-standard surface compo-
sition. For instance, even though titanium coated QCM sensors
have been used for adsorption studies [13,14], such surfaces can-
not withstand common surface modification treatments for tita-
nium implants, such sandblasting or chemical treatments. In this
paper, three innovative surface analysis techniques were applied
for the characterization of the adsorption of a model protein (i.e.
bovine serum albumin, BSA) on Ti alloys alternatively polished or
chemically treated with an oxidative process to obtain surface fea-
tures (roughness and surface hydroxylation) suitable for osseointe-
gration: Kelvin Probe Force Microscopy, Surface Enhanced Raman
Scattering and Zeta Potential titration curves.

Kelvin probe force microscopy (KPFM) is a measurement
method for atomic force microscopy (AFM) which allows measur-
ing the surface potential, or work function, of a surface and to com-
pare topographical and surface potential images [15]. KPFM has
been used mainly for the characterization of electrical properties
at the nanoscale of semiconductor devices and conductive/semi-
conductive surfaces [15]. Recently, this technique has been applied
also to investigate biomaterials, biological materials and mole-
cules, such as polymeric fibers for tissue integration [16,17] DNA
nanoarrays [18], oligonucleotides, and amyloid fibrils [19]. In the
last few years, KPFM was also used to investigate protein adsorp-
tion on mirror polished Ti6Al4V and CoCrMo alloy, under different
conditions of protein solution and surface polarization [20,21]. In
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this work, we observed that KPFM is a valuable method to image
the layer formed by albumin on a rough substrate suitable for
osseointegration.

Compared to other analytical techniques, vibrational spec-
troscopy (including infrared (IR) absorption spectroscopy and
Raman spectroscopy, RS) allows fast and label-free detection of
molecular targets, high selectivity due to the specific vibrational
fingerprint of molecules, and minimal or no preliminary treatment
of the sample [22,23]. In addition, RS has great potential for surface
analysis. In particular, the sensitivity of normal RS, which may not
be sufficient to detect a layer of proteins adsorbed on a biosurface,
can be increased by several orders of magnitude by Surface
Enhanced Raman Scattering (SERS) thanks to the enhancement of
the Raman scattering of molecules adsorbed onto, or microscopi-
cally close to, a suitable plasmonically-active surface, such as metal
nanoparticles [24,25]. For all these reasons, SERS represents a good
candidate for surface analysis of very thin films. Gold nanostars
and thin films were used to develop SERS-active substrates in order
to investigate protein interactions with chemically modified sur-
faces [26] or protein-protein interactions such as aggregation
[27]. However, even though these SERS substrates demonstrated
a very high sensitivity in protein analysis, they usually suffer from
lack of applicability for direct investigation of biomaterials for real
use. In this work, we propose a versatile and simple SERS method
by drop casting of silver nanoparticles (AgNPs) to detect BSA on Ti
alloy, before and after the chemical treatment of the surface, with
also the possibility to gain information about conformational
changes after protein adsorption.

Zeta () potential measurements have been largely employed in
the study of nanoparticles [28] or powders [29] of various materi-
als or to study and predict the stability of colloids [30,31]. Recently,
they were also employed on bulk solid surfaces [32,33]. Regarding
proteins, the shape of the titration curves is strictly dependent on
the acidic and basic strength (pKa) of the exposed aminoacids
functional groups and, their pKa may vary with denaturation or
unfolding of proteins [34]. In this work, we explored the possibility
of investigating the type of bonding of the proteins adsorbed onto
the titanium substrates, alongside with the folding status.

The scope of this work is to demonstrate, for the first time, the
applicability and potential of this set of complementary and inno-
vative surface analyses for the characterization of a thin protein
layer adsorbed on a surface with high biomedical interest, and to
a mirror polished one as a control: the results can be used to fur-
ther develop effective implants with multifunctional surfaces.
The development of a suitable set of characterization techniques,
able to investigate protein absorption on complex and real bioma-
terial surfaces, is of high interest for the biomaterials research
community.

2. Materials and methods
2.1. Reagents

All the solutions and colloids were prepared by using highly
pure reagents and water (Milli-Q). HCI (Carlo Erba, Milano, Italy)
and HNOs (Carlo Erba, Milano, Italy) 3:1 v/v (aqua regia) were used
to wash glassware. For the preparation of the treated titanium
alloy samples, HF (Sigma-Aldrich, St. Louis, USA) and H,0, (Pan-
reac, Barcellona, Spain) were employed. Bovine serum albumin
(BSA) (Sigma-Aldrich, St. Louis, USA) was purchased as powder.
Phosphate buffered saline (PBS) solution was prepared by dissolv-
ing a tablet (Sigma-Aldrich, St. Louis, USA) in 200 ml of water. HCI
and NaOH (Sigma-Aldrich, St. Louis, USA) were used to titrate the
KCI (Sigma-Aldrich, St. Louis, USA) electrolyte solution for the zeta
potential measurements.
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For the synthesis of the spheroidal AgNPs, AgNO3 (Panreac, Bar-
cellona, Spain), NaBH,4 (Acros Organics) and sodium citrate tribasic
dihydrate (Sigma-Aldrich, St. Louis, USA) were used. The synthesis
method is reported in detail elsewhere [35] and can be found in the
supplementary information.

2.2. Sample preparation

Ti6Al4V titanium alloy was purchased as cylindrical bar (ASTM
B348, gr5, Titanium Consulting and Trading, Buccinasco, Italy) and
cut into disks (1 cm diameter and 2 mm thick). The disks were pol-
ished using SiC papers, from 320 to 4000 grit, and subsequently
washed in acetone (Supelco, Sigma-Aldrich, St. Louis, USA) and
water (MilliQ), once for 5 min and twice for 10 min, respectively.
After drying, they were stored in air until protein adsorption. Some
disks underwent a chemical process to obtain a bioactive and hier-
archically micro-nanostructured surface. It is a patented treatment
which involves a first acid etching in hydrofluoric acid and a sub-
sequent controlled oxidation in hydrogen peroxide [36,37]. The
untreated and treated disks will be labelled hereafter Ti64 and
Ti64CT, respectively.

Protein adsorption was carried on using a BSA (Sigma-Aldrich,
St. Louis, USA) solution in PBS, prepared by dissolving tablets
(Sigma-Aldrich, St. Louis, USA) in MilliQ water. BSA was dissolved
in PBS in near-physiological concentration (20 mg/ml) [38] and pH
7.4 was reached by adding NaOH 0.05 M. Protein adsorption was
obtained by placing the titanium samples in a 24-well plate and
soaking them in 1 ml of protein solution at 37 °C for 2 h [32]. After
that, the samples were gently rinsed 3 times with MilliQ water to
remove loosely bound proteins, dried under laminar flow hood and
stored at 4 °C prior being analysed. Samples after adsorption will
be referred as Ti64 + BSA and Ti64CT + BSA. KPFM measurements
required samples with half of the surface covered by proteins, in
order to obtain a contrast in the potential image. They were pre-
pared by spotting 50 pl of BSA solution on the surface, covering
only half of it. Then they were incubated for 2 h at 37 °C in a humid
chamber and rinsed and stored as before after drying.

2.3. X-ray photoelectron spectroscopy

Surface elemental composition was determined by X-ray photo-
electron spectroscopy (XPS) (PHI 5000 VER-SAPROBE, Physical
Electronics, Feldkirchen, Germany). Survey spectra were acquired
on the whole set of samples prior and after protein adsorption, in
order to assess BSA adsorption and to compare the total amount
of adsorbed protein. XPS was performed also on the samples after
zeta potential measurement in the acidic range. These samples will
be referred as Ti64_z, Ti64 + BSA_z, Ti64CT_z, Ti64CT + BSA_z. The
charging effect was compensated by setting the hydrocarbon C1s
peak to 284.80 eV.

2.4. Kelvin force probe microscopy

Surface potential of samples was imaged by means of a Bruker
Innova atomic force microscope (Billerica, USA) equipped with sur-
face potential imaging tool. KPFM measurements were performed
in lift mode, acquiring topographical image during the forward
scan in tapping mode and the potential image during the backward
scan in lift mode. Both the sample and the tip were grounded dur-
ing the forward scan; to reduce artifacts due to sample charging,
during the backward scan the sample was kept grounded and the
tip was biased. In order to obtain images of the protein layer,
Ti64 and Ti64CT samples were prepared so that BSA was adsorbed
only onto a portion of the surface, as described in the sample
preparation paragraph, and measured after drying. Topographical
and surface potential images (100x80 pm) were obtained in the
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area of the border of the drop for visualizing the protein layer
(scanning rate: 0.1 Hz; lift height: 300-500 nm; AC bias voltage:
3V), while smaller scans (5x5 pm) (scanning rate: 1 Hz; lift height:
300-500 nm; AC bias voltage: 3 V) were performed on the portion
of samples covered by albumin to evaluate the continuity of the
layer. Samples were analyzed in air, in ambient conditions (humid-
ity 35 + 5%). Images were elaborated by using the Gwyddion soft-
ware[39].

2.5. Surface Enhanced Raman scattering measurements

Raman measurements of BSA powder were collected with a dis-
persive Thermo Fisher Scientific DXR Raman microscope (Wal-
tham, USA) equipped with an excitation laser source at 780 nm
and a charge-coupled device (CCD) detector using 10 mW laser
power, 10 X objective, rectangular aperture of 50 pm in a spectral
range from 50 cm™! to 3400 cm~!. The acquisition time for each
spectrum was 1 s for 25 exposures.

Raman equipment is weekly calibrated through a software-
controlled calibration tool which corrects the frequency scale using
multiple neon emission lines and, as a control, verifies the multiple
polystyrene Raman peaks, while a white light source is used for the
CCD calibration intensity. The grating resolution is 5 cm™! (the
grating density 900 lines/mm) and the uncertainty associated with
the intensity is demonstrated to be lower than 5 % using a polystyr-
ene standard. SERS measurements of liquid samples were per-
formed using an accessory for liquid measurements with a
quartz cuvette. The analysed liquid mixtures were composed of
30 nm AgNPs colloid and the concentrated BSA solution, in ratio
1:1.

SERS spectra on dried surfaces were collected after drop casting
10 pl of AgNPs suspension, air dried. Thermo Fisher Raman imag-
ing DXR-Xi was used to collect maps of 500x500 pm (map resolu-
tion of 25 pm). 532 nm excitation laser was used, 1 mW laser
power, 0.01 Hz collection frequency for 10 acquisitions on each
map pixel. 10 X objective and rectangular 50 pum aperture was
used. The spectra of the entire map were averaged to obtain one
representative mean spectrum for the analyzed area.

2.6. Attenuated total Reflectance Mid-Infrared spectroscopy

IR spectroscopy is a well-established technique for the study of
protein adsorption on titanium surfaces and their conformational
changes after interaction with the surface [7]. In this work, ATR-
FTIR was used in order to confirm the results and information
obtained by the other techniques. ATR-MIR measurements were
performed with a FT-IR spectrometer (Nicolet iN10 Infrared Micro-
scope, Thermo Fischer Scientific, Waltham USA). Se/Ge ATR tip was
used to investigate the samples, the cooled MCT detector was
selected to collect the spectra in the range 1000-4000 cm ™' with
a resolution of 4 cm~! with 64 scansions for each spectrum. The
spectral background was acquired with the ATR tip in air before
every measurement.

2.7. Zeta potential of reference solution and solid surfaces

Zeta potential titration curves of BSA solution were obtained
using dynamic light scattering (DLS) instrument (Litesizer 500,
Anton Paar, Graz, Austria). Measuring solutions were prepared by
dissolving BSA in PBS at an initial concentration of 35 mg/ml, fol-
lowed by aliquoting with KCl 0.001 M to a final concentration of
5 mg/ml. The pH was adjusted by HCl and NaOH to the following
values: 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9. Untreated and treated titanium
disks were analyzed by means of an electrokinetic analyzer (Sur-
PASS, Anton Paar, Graz, Austria) equipped with an automatic titra-
tion unit. The samples were mounted using an adjustable gap cell
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and the measurement was performed using KCl 0.001 M as elec-
trolyte. NaOH and HCl 0.05 M were used for titration in the basic
and acid range, respectively and fifteen points have been measured
for each range. Titration curves were obtained before and after
soaking in BSA solution. A new couple of specimens was used for
each range to avoid artifacts due to reactions that may occur dur-
ing the measurement.

3. Results and discussion

The results of a detailed investigation of adsorbed BSA on bare
(Ti64) and chemically treated (Ti64CT) titanium surfaces are here
reported and compared, including investigation of the presence
(XPS survey), distribution (KPFM), eventual unfolding of the pro-
tein (ATR-IR and Raman-SERS) and type of the chemical interaction
with the substrate (zeta potential titration curves followed by XPS
surface analysis). Ti64CT is an interesting example of a surface for
implants to be integrated in hard or soft tissues [37] which cannot
be easily investigated in detail after protein adsorption with the
conventional protocols of characterization because of roughness
and surface chemistry.

3.1. XPS compositional analysis

The actual presence of adsorbed proteins on the surfaces can be
verified by investigating the surface chemical composition, in par-
ticular the C and N content. N is commonly used as an indicator of
proteins adsorbed onto titanium surfaces, being absent on bare
titanium and in adventitious contaminants. The elemental compo-
sition of the samples is reported in Table 1.

The reference samples (Ti64, Ti64CT) show the typical elements
of titanium oxide: Ti and O. As expected, Ti64CT has a higher oxy-
gen concentration than Ti64 due to higher surface hydroxylation
[37], which is also confirmed when the composition is evaluated
without considering the carbon contaminations (Table 1S, support-
ing information. Differences in the Ti chemical state were also
observed, with an slight increase of Ti(IV) with respect to Ti(IIl)
and the disappearance of Ti(0) (Fig. 1S and Table 2S, supporting
information). Those results agree with the fact that the newly
formed oxide layer, thicker than on untreated Ti, has a H,Ti30;
composition, as previously published by the authors [40], which
has an higher oxygen content and more Ti#* than the native oxide
tri-layer TiO,-Ti,O03-TiO suggested for titanium surfaces [41]. Al
and V are expected to be undetected due to their absence within
the oxide layer and limited penetration depth of XPS: XPS analysis
is mainly limited to the TiO, surface layer even on untreated Ti64.
The XPS depth of analysis is proportional to the inelastic mean free
path (IMPF) of electrons generated by the samples, which is due,
among other things, by the kinetic energy (KE) of such electrons
and by the composition of the material itself [42]. Due to the com-
plex chemistry of the treated oxide layer and the uncertain thick-
ness of the native oxide on Ti64, the IMPF can not be exactly
determined. Still, an estimation can be done considering the sur-
faces as only composed by TiO,: in this case, electrons with a KE
in the range of 600 to 1200 eV have an IMPF lower than 2 nm
[43]. The carbon content on Ti64 and Ti64CT is due to hydrocarbon

Table 1
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adventitious contaminations from atmosphere, always present
since titanium is readily contaminated when exposed to air [44].

After protein adsorption, the C and N content increase on both
surfaces (Ti64 + BSA and Ti64CT + BSA), as expected. N was not
found on the pristine samples, while it is around 10% after protein
adsorption. At the same time, the atomic percentage of both Ti and
O decreases after protein adsorption, suggesting that BSA forms a
continuous layer on both samples able to almost mask the sub-
strate to XPS analysis. This is confirmed by the fact that a N atomic
concentration of about 9% is reported as reference for saturation of
an adsorbed protein [45]. A slightly higher N content on Ti64CT
compared to Ti64 is a first evidence that the treated surface can
bind a ticker layer of the protein: this was confirmed by the
authors with other techniques, such as bicinchoninic acid protein
assay (Fig. 2S, supporting information). The larger amount of BSA
for the chemically-treated titanium sample can be the result of
two factors. The treated surface has higher surface area than the
polished sample and nanopores can accommodate the proteins
with a larger number of sites of interaction between the protein
and surface. This effect can be fostered by a higher density of OH
groups, as it will be further discussed in section 3.4 and 3.5, even
if it was not expected considering the general rule that proteins
adsorb more and more strongly on hydrophobic surfaces and that
the main driving force for adsorption is the hydrophobic interac-
tion [7].

3.2. Kelvin probe force microscopy

KPFM was employed as an imaging technique to map the pro-
tein layer adsorbed on the surface of the samples and to investigate
its homogeneity.

The topographical and surface potential images obtained at the
border of a protein spot for both Ti64 and Ti64CT are shown in
Fig. 1. In the topographical images, the surfaces appear homoge-
neous: the Ti64 surface shows the signs of the gritting papers,
while the Ti64CT exhibits a globular microroughness that it is cre-
ated after the chemical treatment, due to uneven etching of the o
and B phases of the alloy and the formation of a sponge-like oxide
layer, as was also observed by electron microscopy (Fig. 3S, sup-
porting information) [37]. The average roughness value, S,,
increases from 0.048 + 0.011 to 0.250 + 0.027 pm (Table 3S). The
protein layer is indistinguishable in the topographical image, indi-
cating that its thickness is in the range of few nanometers, which
can correspond to about a monolayer or very few layers of albumin
molecules. This is a first relevant information, because surface-
engineered biomaterials for osseointegration must exhibit their
peculiar topography and roughness to the cells, after protein
adsorption, to be effective and it was confirmed by observations
at larger magnification (see below).

On the other hand, the surface potential images clearly show a
border, which separates two areas with different potential, and
corresponds to the border of the protein spot: the areas where
albumin was allowed to adsorb are at a lower surface potential
with respect to the titanium surfaces. This fact agrees with litera-
ture, adsorbed biological molecules, such as protein and DNA, have
a lower potential with respect to the adsorbent surface [46,47], and
this was also reported for albumin on Ti6Al4V surfaces [21].

Surface chemical composition of the samples before and after albumin adsorption (atomic %). Undetected elements are marked with a dash.

C (0] N Ti Al \% Other elements
Ti64 46.3 38.0 - 11.6 3.2 - 0.8
Ti64CT 28.4 57.2 - 144 - - -
Ti64 + BSA 58.3 25.5 9.7 4.2 - - 23
Ti64CT + BSA 55.0 29.6 11.4 4.0 - - -
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Fig. 1. Atomic force microscopy of Ti64 (top) and Ti64CT (bottom) surfaces half covered with BSA. Scan size is 100x80 pum. Left: AFM topographical images, the white dotted
lines represent the border of the BSA layer; center: KPFM surface potential images of the same area; right: potential profiles along the white line on the potential images.

This observation suggests that a continuous protein layer is
formed on both surfaces, where they were exposed to the protein
solution (right side of the surface potential images). This is a fur-
ther interesting information considering that protein agglomera-
tion on the micro scale can occur in some cases after surface
adsorption [48].

The Ti64 specimen has a sharp border, related to a highly con-
fined BSA solution drop, due to the quite low wettability of Ti64
(see supporting information). The protein layer is very homoge-
neous and continuous on the entire surface, showing a surface
potential about 115 mV higher with respect to the clean substrate.
On the other hand, the Ti64CT sample shows a smoother border
between the areas with or without BSA. The higher roughness
and the higher wettability, as shown by contact angle measure-
ment (described in the supporting information), with respect to
the Ti64 surface lead to a more spread drop of the protein solution.
In this case, the difference in surface potential between the treated
titanium surface uncovered by albumin and the portion with BSA is
about 40-50 mV. This reduced voltage difference, with respect to
Ti64, may be caused by very different work functions of the differ-
ent titanium oxide phases and, as consequence, different surface
potential [49]; it is known that the chemical treatment changes
the titanium oxide phase with respect to the native oxide layer
on Ti64. The surface potential difference may be also influenced
by the presence of sub-microroughness and nanopores, which
can limit the electrostatic interactions between the tip and the pro-
teins. It is also possible that this slightly affects the resolution of
the KPFM. On both surfaces, the absolute value of the electric
potential of the adsorbed albumin layer might be influenced by
the adsorption of some ions from the PBS solution, but it does
not affect the imaging of the protein distribution on the surface
through KPFM.

Small scans, 5*5 pm, were performed with KPFM in order to
assess the continuity of the BSA layer at higher magnification, on
both substrates, in the area where albumin adsorption occurred
(Fig. 2). The topography within the area with adsorbed BSA is sim-
ilar to the one without protein (here not shown), which is reason-
able accounting for the presence of a thin adsorbed layer. The
observed surface potential variation within this area is about
15 mV, for each substrate, which is much lower that what observed
between the pristine and adsorbed areas in Fig. 1, confirming that

the protein layer is continuous. Considering the crucial role of
roughness and surface morphology in determining cell adhesion
and differentiation, it is interesting to verify that the surface topog-
raphy of Ti64CT is not hidden by protein adsorption and that pro-
tein aggregates are not visible even at this larger enlargement. In
the potential image of Ti64CT + BSA, a well-defined area at higher
potential was observed, corresponding to a protruding element in
the topographical image (white circle in Fig. 2). As possible to
see also from SEM micrographs (Fig. 2S, supporting information),
those features corresponds to B-phase grains, which have been
reported to have an higher surface potential than o-phase [21]:
the potential image of the BSA layer can be affected by the poten-
tial of the substrate, due to its very low thickness.

It can be concluded that KPFM allows the investigation of pro-
tein distribution on a rough surface at a micrometrical scale.

3.3. Raman measurements

The Raman spectra of the BSA powder were at first collected as
reference (see supplementary information, Fig. 3S). Native a-helix
structure was compared with unordered BSA obtained by thermal
denaturation, heating albumin at 100 °C for 1 h. As previously
reported in literature, we confirmed that the Raman peak of Amide
I at 1650 cm™! is shifted at slightly higher frequency (1660-
1670 cm™!) after denaturation of the protein [50].

Since poor sensitivity of Raman does not allow to detect the
thin layer of BSA adsorbed on the Ti alloy surface, SERS strategy
to enhance BSA signals was implemented by using an Ag colloid
(spheroidal AgNPs with 30 nm of diameter) as a SERS substrate
directly deposited on the surface to be probed. Several studies
already proposed metallic NPs as useful substrates for biomole-
cules detection [51], where a chemical interaction between the col-
loids and the analyte occurred [52]. The chemical binding of the
analyte to the NPs can lead to the clustering of NPs providing SERS
hot spots responsible for the Raman enhancement [53]. The inter-
actions between albumin and AgNPs was investigated in order to
evaluate if they provoke any denaturation (supporting informa-
tion), and it was found that the Amide I band of BSA was not
shifted by the nanoparticles, neither in solution nor when drop-
casted onto protein-adsorbed surfaces (Figure 6S and 7S, support-
ing information).
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Fig. 2. Topography (left column) and surface potential images (right column) of Ti64 + BSA (top row) and Ti64CT + BSA (bottom row) surfaces. Scan size is 5x5 pm.

After the preliminary investigations, AgNPs were drop casted on
the Ti64 polished and chemically-treated alloy (CT) samples, with
or without (as control (CTRL) test) adsorbed BSA, and the SERS
spectra were collected (Fig. 3). On both substrates, the enhance-
ment effect provoked by the metal nanoparticles allowed to detect
the characteristic Amide I peak on the adsorbed surfaces.

On the polished alloy, a peak at 1658 cm™!, corresponding to o.-
helix conformation, is present after adsorption (Ti64 + BSA) and a
shoulder at 1670 cm™! is also visible, evidencing a partial denatu-

20001 Ti64 CT
! +BSA
1500 -

ration of the protein chain [54]. Even if some interfering signals are
present on the Ti64 surface (Fig. 3, spectrum b), the albumin
adsorbed onto the surface is clearly detectable with SERS, and a
partial conformation change of the adsorbed protein is suggested.

Analogously, it was possible to determine the position of the
Amide I peak of BSA adsorbed on the chemically treated alloy, hav-
ing an idea of its secondary structure after adsorption. The amide I
peak is shifted at 1670 cm™! attesting the loss of native o-helix
conformation and evidencing denaturation of the adsorbed BSA
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Fig. 3. SERS spectra of a) BSA powder as reference, b) Ti64 - negative CTRL of Ti polished alloy, c) Ti64 + BSA - BSA deposited on Ti polished alloy, d) Ti64CT - negative CTRL of
chemically treated Ti alloy, e) Ti64CT + BSA: BSA deposited on chemically treated Ti alloy.
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on Ti64CT. In this case, unlikely to what happens with Ti64, no
interfering signals are present in the SERS spectra of the control
sample.

The greater loss of ordered structures of albumin when
adsorbed on Ti64CT than on Ti64 is reasonable considering the
possible interactions between the protein and the surface, result-
ing in higher affinity of BSA with the Ti surface after the chemical
treatment. Acidic hydroxyl groups are formed with high surface
density on CT samples, and it is well acknowledged that an
increase in hydroxylation degree of titanium surfaces leads to
higher and stronger albumin adsorption [55]. As discussed by Oliva
et al. [56], the main interactions between titanium and albumin,
adsorbed at pH above 7, are electrostatic interactions and hydro-
gen bonding. The former can occur between mono-coordinated
OH (basic) groups on titanium and protein ammonium or carboxy-
late groups and between di-coordinated surface (acidic) OH and -
NH3 groups of albumin. The latter occur between mono-
coordinated OH and positive ammonium groups. The reactions
are described below [56]:

Basic Ti-OH-ammonium group electrostatic interaction:

>Ti-OH + R-NH3 — >Ti-OH3:NH2-R.

Basic Ti-OH-carboxylate group electrostatic interaction:

>Ti-OH + R-COO™ + H,0 — >Ti-OH3 OOC-R + OH".

Acidic Ti-OH-ammonium group electrostatic interaction:

>Ti, = 0" + R-NH3 — >Ti, = O"NH3-R.

Basic Ti-OH-ammonium group hydrogen bonding interaction:

>Ti-OH + R-NH3 — >Ti-OH---:NH2-R.

On the Ti64CT surface there is a predominance of acidic OH
groups, but some monocoordinated hydroxyls are present [57].
As consequence, the main protein-surface interactions can be
acidic OH-ammonium group electrostatic interactions, but also
the other kind of interactions, such as hydrogen bonding, can play
a role in BSA adsorption.

These facts can explain both the higher amount of protein
adsorbed by Ti64CT substrate, as previously introduced in section
4.1, and the more denatured conformation of BSA on the same sur-
face with respect to the untreated Ti alloy. It will be of interest to
verify with in vitro and in vivo tests the impact of this type of pro-
tein denaturation on the biological response to a surface for
osseointegration.

3.4. ATR-IR measurements

Attenuated Total Reflectance-MIR is an acquisition mode partic-
ularly suitable for the analysis of thin films, such as a protein layer
[58]. This technique is here used with two aims: confirmation of
the presence of the adsorbed protein obtained with the innovative
SERS approach, and of eventual changes of the molecular structure
after the adsorption process. Quantification of the adsorbed albu-
min is reported on titania nanotubes through the analysis of the
intensity of the Amide I band [59]; deconvolution of the same band
can be employed to determine the secondary structure of the
adsorbed protein [60]. It was necessary to use micro-FTIR equipped
with ATR tip since the standard ATR has not enough sensitivity to
detect the thin layer of adsorbed proteins.

The ATR-IR spectra of the blank sample of the polished alloy
(Ti64) (Fig. 4, spectrum b) has no absorption peaks, as expected.
This allows to precisely determine that the amide I peak of BSA
adsorbed on the metal surface is little blue-shifted with respect
to the a-helix Amide I characteristic mode (Fig. 4, spectrum c). This
confirms that adsorption of the protein on Ti64 causes a partial
conformational change in the polypeptide chains from o-helix
towards B-turns [61].

Conversely, the chemically-treated alloy, both without and with
BSA, (Fig. 4, spectra d,e) presents a spectrum dominated by an
intense and broad band at 3400 cm™! due to the hydroxyl groups
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on the surface of the CT sample. This is certainly due to the oxida-
tion process that occurs on the sample surface during the chemical
treatment. Considering that titanium surfaces with high hydroxy-
lation degree have several benefits in terms of wettability and bio-
logical response (bone integration and inflammatory response),
this is not unusual on clinically-used titanium surfaces. In the
amide region (1650 and 1530 cm™'), unfortunately, two intense
peaks, at about 1625 and 1427 cm ™! respectively, are present even
on the control sample (Ti64CT - Fig. 4, spectrum d) and these sig-
nals interfere with the BSA signal on Ti64CT + BSA. Those peaks can
be attributed to the hydroxyl groups on the surface [62]. Although
the interfering signals of the substrate, the presence of the protein
on Ti64CT + BSA is still detectable from the ATR-IR spectrum (Fig. 4,
spectrum e). Concerning investigation of the molecular structure,
the peak at 1660 cm™! is slightly more intense and red-shifted in
the adsorbed sample, due to the contribution of Amide I. However,
the overlap of the ATR-IR bands due to the substrate prevents any
precise conformational determination of the protein adsorbed on
the chemically-treated Ti alloy, since the peak position is influ-
enced by the overlapping ATR-IR band of the substrate. These anal-
yses evidence that this technique is not perfectly suitable to
compare the molecular structure of adsorbed proteins on surfaces
for osseointegration, such as chemically treated titanium with high
density of surface OH groups.

3.5. Zeta potential titration curve of native BSA and solid surfaces

Zeta potential titration curves were obtained in the pH range
2.5-9.5 for native albumin, in solution, and on the substrates
before and after protein adsorption (Fig. 5).

At first, the chemical treatment of the titanium alloy causes a
shift of the IEP from 4.9 (Ti64), which is in the range reported in
literature [63], to a value below 3 (Ti64CT), not reached in the mea-
surement range, but obtainable by interpolation. As discussed dee-
ply in a previous work [32], the shift in the IEP and the formation of
a plateau in the basic range (absent in the case of Ti64), with onset
at pH = 5.1, are due to the increase of surface hydroxylation after
the chemical treatment and to the acidic behaviour of the OH
groups. As result, Ti64CT has a surface with higher density of OH,
with respect to Ti64, and they are fully deprotonated at pH 7.4
when protein adsorption occurs.

By analysing the titration curves reported in Fig. 5-b, it is possi-
ble to notice that adsorption of albumin drastically changes the
surface potential of Ti64CT, in agreement with a complete coverage
of the surface by the protein as confirmed by the N values obtained
by XPS and the KPFM images. On the other hand, the zeta potential
titration curve of Ti64 does not change significantly after adsorp-
tion of BSA (Fig. 5-a), despite the protein presence on Ti64 + BSA
has been detected and confirmed by all the other techniques. As
it will be discussed in a deeper manner below, this may be due
to a partial detachment of the protein during the zeta potential
measurement and consequent exposure of the bare titanium alloy.
Thereby, the resulting { potential is a combination from the surface
and the residual adsorbed protein. The IEP of Ti64CT + BSA is at pH
4.5 as the one of albumin (here experimentally detected in solution
and in agreement with literature [64]), here confirming the com-
plete surface coverage by the protein. The zeta potential titration
curve provides also different information on the chemistry of the
sample’s suface. In fact, the shape of the zeta potential titration
curve of a protein is related to the dissociation of the NH3 or pro-
tonation of the COO~ groups. The pKa of the amino groups, in par-
ticular of Lysine and Arginine, is very high (>9) [65], thus these
groups are protonated on all the tested pH range. On the other
hand, the pKa of the acidic residues, aspartic and glutamic acid,
is around 4 [65]. Thus, they change their protonation states during
the titration measurement, within a few pH units around the pKa.
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In the acidic plateau, both the functional groups are protonated
and the protein is positively charged due to NH3 groups. Lowering
the pH value of the solution, the acidic plateau ends when the
COOH groups begin to dissociate and, as consequence, the overall
net charge of the protein decreases. The IEP is reached when the
number of dissociated carboxyl groups are equal to the number
of the protonate amino ones. At the onset of the basic plateau,
the carboxyl groups are fully in the COO™ form [66]. The net charge
of the protein is negative due to the fact that the acidic amino acid
residues are almost twofold than the basic amino acid ones in the
BSA peptide chain [67]. The shape of the titration curve of albumin
is dictated in particular by the pKa of the carboxyl group of the
aspartic and glutamic residues.

The curve of Ti64CT + BSA is different from the one of BSA in
solution, in particular regarding the onset of the plateaux. BSA in
solution showed the onset of the acidic and basic plateaux respec-
tively at about pH 5.5 and 3.3. On the other hand, the basic plateau
essentially disappeared and the onset of the acidic one is down-
shifted to pH about 5.3 on Ti64CT + BSA. These shifts may be
ascribed to changes in the acidic strength of the carboxyl groups,
related to changes in their chemical environment. Since the pKa
of the —-COO™ groups may be lowered upon protein unfolding
[34], the zeta potential measurement can be explained considering
that BSA adsorbs onto Ti64CT with a denatured conformation. This
is in agreement with the findings obtained through SERS analysis.

Due to the partial removal of albumin from the polished surface
during the zeta potential titration measurement, it is not possible
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to comment the curve obtained on Ti64 + BSA samples since it is
impossible to separate the contribution to the titration curve com-
ing from the metal substrate from the one of adsorbed albumin. A
detachment of the adsorbed albumin is suggested by the zeta
potential titration curve of Ti64 + BSA in the range between pH 4
and 5, where there is an increase of the standard deviations, which
accounts for an ongoing surface modification [40]. In order to con-
firm this, XPS was performed on the samples that underwent the
acidic range of the titration curves and the content of carbon and
nitrogen was evaluated. The C atomic content is similar on
Ti64_z, Ti64 + BSA_z (the samples analysed after the zeta potential
measurement - Table 2) and on pristine Ti64 (Table 1); on
Ti64 + BSA_z, the N level is about half what it was before the elec-
trokinetic analysis. These data confirm that adsorbed albumin is
significantly removed from the untreated titanium alloy surface
during the zeta potential measurement. Therefore, the titration
curve of Ti64 + BSA reflects this phenomenon and evidences an
instability of the chemical bond between the adsorbed protein
and the surface when the pH goes down to pH 4.5, as in case of
inflammatory conditions: the instability of the protein layer can
be attributed to weak protein-surface interactions, caused by a
low density of hydroxyl surface groups on the untreated titanium
that limits the binding sites for albumin, allowing the detachment
by changing pH of the solution in contact with the adsorbed layer.

On the other hand, no evident increment of standard deviation
was observed in the case of the zeta potential titration curve of
Ti64CT + BSA (standard deviation is below 5 mV along all the mea-
surement range): this surface is chemically stable in the explored
range of pH. In agreement with this result, the C and N values
obtained through XPS on Ti64CT + BSA_z are much higher than
the Ti64CT_z ones and they are close to the data obtained for
Ti64CT + BSA, well above the threshold value for surface saturation
by the adsorbed proteins [45]. This set of data suggests that BSA is
more strongly bound on Ti64CT than on Ti64, thus it is not
removed from the surface during the zeta potential measurement
even at low pH such as in inflammatory condition. The hydroxyla-
tion degree of the surfaces and the chemical behaviour of their OH
groups seem to play a major role in defining the stability and
strength of protein-surface bonds.

According to these data, the obtained zeta potential titration
curves are significant of the type of bond of the adsorbed protein
with a surface as well as of eventual unfolding. Albumin, which
is an anti-inflammatory protein, plays a major role in long term
osseointegration: a large and strong adsorption of this protein in
both inflammatory and physiological conditions can be beneficial
in avoiding chronic inflammation and the consequent implant fail-
ure (as happens on very rough surfaces) [1]. Further studies will be
performed to evaluate the effect of the different adsorption of BSA
in terms of modulation of the inflammatory response by the differ-
ent biosurfaces. Further investigations shall be also conducted on
proteins relevant in the osseointegration process, such as fibronec-
tin, which can increase the adhesion of osteoblasts. An enhanced
and selective adsorption of both these proteins on the
chemically-treated surface would confirm the potential of this sur-
face as bone-implantable biomaterial.

Table 2
C and N content (atomic %) of Ti64 and Ti64CT before and after protein adsorption
after zeta potential measurement in the acidic range.

C N

[% at] [% at]
Ti64_z 42.2 23
Ti64 + BSA_z 40.8 5.1
Ti64CT_z 36.5 0.0
Ti64CT + BSA_z 55.7 11.9
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4. Conclusions

In this work, we suggest a novel approach which can be used to
characterize protein adsorption, in terms of surface coverage and
distribution, protein conformation, type, and strength of the
surface-protein interaction, addressing a well known issue among
researchers [68]; traditional techniques such as ATR-IR and XPS
can be used to support and confirm the results. Furthermore, we
prove that the selected set of techniques can be applied to surfaces
relevant for medical implants, with surface topography and chem-
istry precisely developed for osseointegration, and not only on
model flat surfaces [20,26].

The adsorbed protein (BSA) layer was visualized by means of
KPFM, proving that albumin forms a continuous layer on both pris-
tine (Ti64) and chemically treated (Ti64CT) Ti surfaces when
adsorbed from near physiological concentration. The results agree
with XPS and zeta potential titration data. Protein quantification by
BCA shows that the chemical treatment is effective for enhancing
the adsorption of proteins on the titanium surface. It was observed
that proteins form a thin layer on all the surfaces, not being able to
mask even the sub-microtopography of the microrough surface
(Ti64CT).

The conformation, chemical stability, and type of bonding with
the surface of the adsorbed protein were investigated by a novel
and simple approach based on SERS and zeta potential analysis;
XPS is useful for confirmation of the data. Protein adsorption on
titanium substrates is strongly driven by the degree of hydroxyla-
tion of the surface. A higher number of OH groups, as in the case of
Ti64CT, increases the interactions with BSA, through electrostatic
and hydrogen bonds, leading to a larger quantity of adsorbed pro-
tein, more strongly bonded (even at inflammatory pH) and, as con-
sequence, more denatured than in the case of the untreated Ti64
surface. The effect of various degrees of surface hydroxylation on
the adsorption of proteins is a very interesting outcome of this
work and it request further investigations, which are ongoing. In
the light of these results, it seems necessary to reconsider the gen-
eral rule that proteins adsorb more and in a stronger way on
hydrophobic surfaces and that the main driving force for adsorp-
tion is the hydrophobic interaction [9], on titanium-based bioma-
terials at least.
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