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Abstract.

It is well known that composition, electric charge, wettability and roughness of implant surfaces have great
influence on their interaction with the biological fluids and tissues, but systematic studies of different
materials in the same experimental conditions are still lacking in the scientific literature. The aim of this
research is to investigate the correlations between some surface characteristics (wettability, zeta potential
and hydroxylation degree) and the biological response (protein adsorption, blood wettability, cell and
bacterial adhesion) to some model biomaterials. The resulting knowledge can be applied for the
development of future innovative surfaces for implantable biomaterials. Roughness was not considered as a
variable because it is a widely explored feature: smooth surfaces prepared by a controlled protocol were
compared in order to have no roughness effects. Three oxides (ZrO2, Al203, Si02), three metals (316LSS
steel, Ti, Nb) and two polymers (corona treated polystyrene for cell culture and untreated polystyrene for
bacteria culture), widely used for biomedical applications, were considered. The surfaces were characterized
by contact profilometry, SEM-EDS, XPS, FTIR, zeta potential and wettability with different fluids. Protein
adsorption, blood wettability, bacterial and cell adhesion were evaluated in order to investigate the

correlations between the surface physiochemical properties and biological responses.

From a methodological standpoint, XPS and electrokinetic measurements emerged as the more suitable
techniques respectively for the evaluation of hydroxylation degree and surface charge/isoelectric point.
Moreover, determination of wettability by blood appeared a specific and crucial test, the results of which are

not easily predictable by using other type of tests.

Hydroxylation degree resulted correlated to the wettability by water, but not directly to surface charge.
Wetting tests with different media showed the possibility to highlight some differences among look-alike
materials. A dependence of protein absorption on hydroxylation degree, charge and wettability was

evidenced and its maximum was registered for surfaces with low wettability in both water based and protein



containing media and a moderate surface charge. As far as bacterial adhesion is concerned, no effect of
surface charge or protein adsorption was evidenced, while the presence of a high acid component of the
surface energy appeared significant. Finally, the combination of hydroxylation degree, wettability, surface
charge and energy (polar component) emerged as a key parameter for cell adhesion and viability.1.

Introduction

A thorough knowledge of interaction between the different surface features and biological response to
biomaterials is required both for a better understanding of in-vivo behaviour of implants and design of

innovative biomaterials and surfaces.

It is qualitatively well known that surface properties (roughness, chemical composition, charge, wettability
and hydroxylation degree) can determine interaction of the biomaterials with the biological environment [1],
[2], [3] and some general rules are reported in literature [4], [5], but they are not proved on a quantitative
scale and it is not clear if the same rules apply for materials with different chemical nature (metals, oxides,

polymers).

On a time scale, the first contact (during some nanoseconds) is between the implant surface and the water
molecules of the biological fluids, then ions are adsorbed, and, after few seconds, proteins cover the surface.
Finally, in a time interval typically comprised between some minutes and few hours, different kinds of cells
will approach the material, already covered by a protein layer [1]. At the same time, bacteria can compete
with the cells for surface colonization: a sort of “race for the surface” has been described between cells and
bacteria upon biomaterials implantation in the human body [6]. Surface characteristics, such as topography,
chemistry and surface energy, affect the material ability to adsorb water and proteins and consequently to
interact with cells and bacteria. Numerous studies have been focused on the effects of surface topography
(both at the micro and nanoscale) on cellular and bacterial adhesion [2], [3], [7], [8], [9], [10], [11], [12], [13],
[14], [15], that is why it has been decided not to go ahead on this side.

The importance of surface wettability, surface energy and hydroxylation degree on cellular and bacterial
adhesion has been highlighted in the scientific literature [16], [17], [18], [19], [20], [21], [22], but a more
systematic approach is needed. The majority of the cited papers are focused on titanium substrates [23], but
the techniques used for the characterization of the surfaces vary from paper to paper and a comparison
between the materials investigated by different research groups is difficult. Therefore, a systematic
investigation of the effect of the surface characteristics of different biomaterials on their biological response,

performed with a coherent experimental protocol, is still lacking.

Eight different substrates (i.e. alumina, silica zirconia, titanium, steel, niobium and treated/untreated
polystyrene) have been chosen for this research, according to the following rationale. They are widely

employed for biomedical applications (e.g. dental and orthopaedic prostheses), they cover a wide range of



materials with different chemistry (metals, oxides and polymers) and crystallographic structure (crystalline,
amorphous), they are known to be non-toxic and they show a negligible ion release (at least at short times).
That is why they are suitable in order to verify the influence of some surface chemical and physical
parameters on the biological response of biomaterials. A protocol for samples surface preparation has been
developed in order to obtain comparable roughness and cleaning on all the tested materials, allowing the
determination of the effects of the other surface characteristics, on the biological response. In fact, it has
already been evidenced that surface properties (e.g. wettability) can vary in a considerable way depending

on the sample preparation procedure [16].

Surface chemical composition, hydroxylation degree, wettability by different fluids (i.e. water, Simulated
Body Fluid (SBF), Foetal Bovine Serum (FBS), cell culture medium, bacterial culture medium, human blood
and organic solvents), zeta potential, protein adsorption, bacterial adhesion and cell adhesion have been
determined for all the selected materials in the present research work. Eventual relationships between the
physicochemical surface characteristics of the various substrates and their biological response (blood

wettability, protein adsorption, cell adhesion, bacterial adhesion and biofilm formation) are discussed in this

paper.

2. Materials and methods

2.1. Samples preparation and physicochemical characterizations.
2.1. Specimens

Eight different materials have been selected for this characterization and samples of comparable area were

obtained for each one.

Table 1. Materials.

Material Symbol Class Surface treatment Structure Source
Silica Si0- Oxide - Amorphous Heraeus HSQ300
Alumina AlLOs Oxide - Crystalline: gamma Expert System Solutions S.r.l.
Zirconia Zr0; Oxide - Crystalline: cubic and tetragonal, TZP-A (95% Metoxit
2105, 5% Y03, 0.25% Aly0s,
Titanium Ti-commercially Metal - Crystalline: hexagonal Titanium Consulting and Trading
pure grade 2 (pure)
Niobium Nb Metal - Crystalline: body centred cubic New Tech
(pure)
Steel 316L Metal - Crystalline: face centred cubic Tresoldi Metalli
(alloy)
Polystyrene for cells PS-cells Polymer CORONA treatment for Amorphous Nunclon Delta Surface, Thermo Fisher
culture eukaryotic cells culture Scientific, Roskilde, Denmark
Polystyrene for PS-bact Polymer - Amorphous Sterilin, PBI-VWR International, Milan,
bacteria cultures ltaly

All the oxide and metal samples were mirror polished with SiC abrasive papers (up to 4000 grit); a final

polishing suspension (OP-U suspension, Struers, SiO2 0.04 um) was used on metals in order to obtain uniform



and comparable surfaces. Roughness measurements, obtained by contact profilometry, are reported in Table

2.

Table 2: Roughness measurements (R, mean + standard deviation)

Sample | Roughness [um]

Silica 0.016 £ 0.001

Alumina 0.031 £ 0.006

Zirconia 0.041 £ 0.021

Titanium | 0.015+0.004

Niobium | 0.013 £0.001

Steel 0.007 £ 0.001

In order to obtain clean and comparable surfaces for analyses, the oxide and metal samples were washed in
an ultrasonic bath for 5 min in acetone and subsequently two times in ultrapure water for 10 min. At the end
of the washing steps, samples were dried in a laminar flow cabinet (FASTER CYTOSAFE-N 2000) and
decontaminated with UV irradiation for 1 h under the same cabinet. Samples were then packed in aluminium

foils and closed in plastic-paper bags for sterilization until use.

Polystyrene substrates for cells and bacteria cultures were used without carrying on any further surface

modifications or cleaning, their roughness is reported in Table 2 as well.

2.2. Characterization

In order to investigate surface topography and cellular shape after cell culture tests, samples were observed
by means of Scanning Electron Microscopy equipped with Energy Dispersive Spectroscopy for chemical
analyses (SEM — FEI, QUANTA INSPECT 200, EDS - EDAX PV 9900). The oxide samples were sputter coated

with a thin Cr layer (5—-10 nm) before observation.

Surface chemical composition and hydroxylation degree were evaluated by means of XPS analyses (XPS, PHI
5000 VERSA PROBE, PHYSICAL ELECTRONICS). Both the survey spectra and the high resolution spectra of
carbon and oxygen regions were acquired. All the high resolution spectra were referenced by setting the

hydrocarbon Cls peak to 284.80 eV for charging effect compensation.

Fourier Transformed InfraRed Spectroscopy (FTIR) (FT-IR, IR Hyperion 2000, Alpha, Bruker Optics)
measurements were performed for a further characterization of surface chemical composition and

hydroxylation degree. The spectra were recorded from 4000 to 600 cm- 1 in reflection mode.



Static contact angles were measured by the sessile drop method. A drop (5 ul) of different fluids (listed below)
was deposited on the sample surface and its shape recorded by a camera (Misura®, Expert System Solutions)
under atmospheric condition at room temperature and standard deviation due to experimental error was

calculated as + 1°. The contact angle was determined by Image J software (1.47 version).

The fluids considered in the present research work were: Simulated Body Fluid (SBF, prepared according to
the protocol proposed by Kokubo) [24], Foetal Bovine Serum (commercial, FBS, Sigma-Aldrich, Milan, Italy),
cell culture medium (commercial, Dulbecco's Modified Eagle Medium, DMEM, Sigma-Aldrich, Milan, Italy),

bacterial culture broth (commercial, Luria Bertani, LB, Sigma-Aldrich, Milan, Italy).

Blood considered for this experiment is human blood taken from a healthy volunteer. The blood samples
were taken in a laboratory of clinical analysis and stored in a refrigerator (2—6 °C), in their original sterile
tubes (BD Vacutainer K3E, with 5.4 mg ethylenediaminetetraacetic acid - EDTA). EDTA binds calcium ions,
thus inhibiting the coagulation cascade. The measurements of the contact angles were performed on the
different samples within 5 days from the donation, in order to save blood from possible deterioration. The

approximate haemochrome cytometric values for blood counts are reported in Table 3.

Table 3. Haemochrome cytometric values for blood.

Blood group A1 Rh positive, phenotype kh e Kell, CcDEe kk

Haemochrome White blood cells (WB) = 6.7 = 10%/ml, neutrophils (N} = 66.2%,
lymphocytes (1) = 25.1%, monocytes (M) = 7.9%, eosinophils
(E) = 0.5%, basophils (B) = 0.3%
Red blood cells (RB) = 4.16 x 10°/ul, haemoglobin
(Hb) = 13.4 g/dl, haematocrit (Ht) = 39.3%, Mean Corpuscular
Volume (MCV) = 945 fl, Mean Corpuscular Haemoglobin
(MCH) = 32.3 pg, Mean Corpuscular Haemoglobin Concentration
(MCHC) = 342%
Platelets = 214 = 10%/ul, Mean Platelet Volume (MPV) = 8.1 fl,
procalcitonin (PCI') = 0.173%, Platelet Distribution Width
(PDW) = 1751

Coagulation Prothrombin activity INRI = 0.9; activated Partial
Thrombaoplastin Time Ratio (aPTT R) = 0.86,
fibrinogen = 380 mg/dl

Biochemistry  Blood glucose = 91 mg/dl, creatinine = 0,7 mg/dl,
homocysteine = 11.2 pmol/1

Specific Albumin = 36 g/], protein C = 76%, total protein § = 58%

proteins

The measurement of the contact angle of blood on the different surfaces was performed by the sessile drop

method [25], [26].

A calibrated syringe (Hamilton 10 ul) was used to deposit the blood drops. Before the contact angle
measurement, the tube containing the blood sample was shaken to homogenise the content till blood

temperature reached room temperature. The temperature measurements for this study were obtained using



Sika Electronic digital thermometer (TS 9180). The drops of blood (1 ul) were gently placed by the calibrate
syringe on the samples (T = 22 °C, RH = 35%, and P = 1 atm) in a perfectly horizontal position. Six
measurements of contact angle were performed on the drops of blood placed at different points of each
sample and the average contact angle value was subsequently determined. Reproducibility of the contact

angle readings is £ 2°.

The surface tension measurements were performed by the method of the dropper. The measurements were
carried out at room temperature and humidity (T = 22 °C, U.R. = 35%), by slowly dripping blood from a
dropper of radius equal to 1.2 mm on an electronic balance (Kern KB 120-3 N, max 121 g, d = 0.001 g). The

measurement of the weight of 15 drops was performed and averaged (1 drop of blood is approximately 0.047

8).

Theoretical viscosity of blood as a function of haematocrit was calculated using the formula of Bull:

K =, (1 +2.5Ht)

where pp indicates the density of plasma and Ht is haematocrit. The experimental measurements of viscosity
were performed by measuring the rate of outflow of the fluid from a capillary of known volume. Ten

independent measurements were taken and averaged.

For the evaluation of the surface energy of the samples, contact angle (CA) measurements were carried out
by the ASTRAview tensiometer (developed at CNR—IENI [27]) at room temperature (22 °C). In order to assess
the homogeneous character of the film deposition the data were collected in at least 3 different positions of

the surface

The following fluids were used: High purity grade water, produced by a MilliQ (Milli-Pore) ion-exchange
purifier with a microfiltration stage, Trichloromethane (commercial, CHROMASOLV® Plus, for HPLC, > 99.9%,
Sigma-Aldrich, Milan, Italy), 2-Butanone (CHROMASOLV® Plus, for HPLC, = 99.7%, Sigma-Aldrich, Milan, Italy,
BUT), decane (ReagentPlus®, =2 99%, Sigma-Aldrich, Milan, Italy, DEC)

Three different approaches were considered for determination of the isoelectric point of the selected
materials: one liquid contact angle titration, two liquids contact angle titration and electrokinetic

measurement.

The first two methods foresee measurement of the contact angles of aqueous solutions with different pH on
the solid surface. As the contact angle is maximum (and cosine is minimum) at the isoelectric point (IEP), IEP
can be determined by the trend of the contact angle values vs pH [28], [29]. The contact angle measurements

were performed in air (one liquid method) or in a liquid immiscible with water (two liquids contact angle



titration) in order to improve accuracy and repeatability of the test [28], [29]. A FTA 1000C instrument was
used for both the methods. 2 M NaCl was used as an electrolyte for the aqueous solutions at different pH.
The pH value was adjusted by addition of 0.001 M NaOH or 0.002 M HCI: 0.5 pH intervals were considered.
Hexadecane (anhydrous > 99%, Sigma Aldrich) was employed as a second liquid for the two-liquids contact

angle titration.

As far as the electrokinetic measurements are concerned, the model of the electrochemical double layer for
definition of zeta potential has been considered. In this model zeta potential is defined as the electrical
potential at the shear plane and the shear plane is defined as the boundary between stationary and diffuse
layers of charges at the solid-liquid interface [30]. Zeta potential of solid surfaces was determined by the
measurement of an electrokinetic effect (streaming potential/current) due to the relative movement of solid-
liguid phases. An electrokinetic analyser (SurPASS, Anton Paar) equipped with an adjustable gap cell was
employed for the measurements. 0.001 M KCl was used as an electrolyte and its pH was adjusted by the

addition of 0.05 M HCl or 0.05 M NaOH by means of the instrument automatic titration unit.
2.3. Protein amount quantification

Three disks of the different materials were incubated in FBS for 1 h at 37 °Cin order to determine the different
adsorption capacity of the samples and the total amount of adsorbed proteins was quantified by the
bicinchoninic acid assay (BCA, Sigma-Aldrich) [31]. After incubation in FBS, the proteins adsorbed on the
sample surface were lysed in 50 pl of Ripa Buffer (50 mM Hepes, 150 mM NaCl, 0.1% SDS, 1% Triton-X100,
1% sodium deoxycholate, 10% glycerol, 1,5 mM MgCl2, 1 mM EGTA, 1 mM NaF) and gently collected using a
cell scraper. To determine the weight (ug) of protein on each sample, a standard curve was generated using
bovine serum albumin (BSA, Sigma, 0-5 ug) and mixed with BCA kit reagents. The absorbance value of all
samples and the standard curve was measured at 570 nm by a spectrometer (SpectraCount, Packard Bell,
USA) and the protein amount calculated as a function of the standard curve.

2.4. Western blot analysis

After quantification, 40 ug of proteins for each sample was dissolved in Laemmli buffer 5 x (62.5 mM Tris-
HCI, pH 6.8, 25% glycerol, 2% SDS, 0.01% Bromophenol Blue), heated at 95 °C for 5 min, resolved on 8%
SDS-PAGE and transferred to a PVDF membrane. Finally, the membrane was marked by Coomassie blue
and analysed with Image J software (NIH) for protein quantification.

2.5. Bacterial adhesion studies

The exponentially-growing biofilm forming Staphylococcus aureus pathogen (clinical isolate from the
Hospital Maggiore of Novara) was used to study bacterial adhesion on the test materials. Bacteria were

cultivated on LB-agar Petri dishes for 24 h until single round colonies were obtained. Then, single colonies



were collected and used to prepare a suspension of LB broth containing 1 x 107 cells/ml, according to
McFarland 1.0 standard optical density. The Petri dishes were stored at 4 °C while fresh broth culture
prepared prior to each experiment.

2.6. Staphylococcus aureus biofilm adhesion

The specimens were sterilized by 2 h through immersion in 70% ethanol and UV light exposure (30 min) prior
to use. Then, the samples were singularly placed into the wells of a 24 multi-well plate (Nunclon Delta
Surface, Thermo Fisher Scientific); then, 1 ml of the bacterial prepared suspension was used to fill the wells
containing the specimens. The plate was incubated for 90 min at 37 °C in a humid atmosphere in agitation
(120 rpm, adhesion phase) [32], [33]. Afterwards, the plate was collected and the supernatants were
removed in order to discard the floating planktonic cells and cultivate the biofilm cells attached on the
specimen surface. The wells were then rinsed with 1 ml of fresh LB medium and cultivated for 24 h at 37 °C
(biofilm cultivation phase) [32], [33].

2.7. Colonies forming units (CFUs) count

After 24 h of cultivation, the specimens were collected, washed with phosphate buffered saline (PBS, pH 7.4,
Sigma) and stored in 15 ml falcon tubes containing 1 ml of PBS. The tubes were sonicated (Ultrasonic 250,
PBI) and vortexed (5 times each, 30 s) in order to detach the biofilm cells from the surface. Afterwards, 200
ul were collected from the tubes and used to perform 6 tenfold serial dilutions; 20 ul of each dilution were
spotted into Mannitol Salt agar plates previously divided into 6 cloves. Bacteria final number was calculated
using the following formula: [(number of single colonies)?(reverse of tenfold dilution) x dilution factor] [32],
[33].

2.8. Bacteria metabolic activity

S. aureus biofilm metabolic activity was evaluated by the colorimetric 2,3-bis (2-methoxy-4-nitro-5-
sulphophenyl)-5-[(phenyl amino) carbonyl]-2H-tetrazolium hydroxide (XTT, Sigma) assay. After 24 h of
cultivation, the specimens were collected, washed with PBS and placed into a new 24 multi-well plate. Each
well was filled with 1 ml of fresh medium (LB) and supplemented with 100 pl of XTT solution (3 mg/ml in PBS
containing 1 mM menadione). The plate was incubated 5 h in the dark; afterwards, the supernatants were
collected and centrifuged (12,000 rpm) in order to remove eventual debris. From each sample, 100 pl were
collected and spotted into a 96 multi-well plate; sample optical density was evaluated at 490 nm by a
spectrophotometer (SpectraCount, Packard Bell, Chicago, USA) [32], [33].

2.9. Human Cells adhesion evaluation

Human foetal osteoblasts (hFOB 1.19, ATCC CRL-11372, purchased from the American Type Culture
Collection were cultivated in MEM:HAM'S F12 mixture (Sigma) supplemented with 0.3 mg/ml G418 salt

(Sigma), 10% Foetal Bovine Serum (FBS, Sigma) and 1% antibiotics at 34 °C, in humid atmosphere with 5%



CO2. The cells were cultivated until 80—90% confluence, detached with trypsin-EDTA (0.05% in PBS, Sigma)
and used for the experiments.

The specimens were sterilized by ethanol immersion (70% ethanol, 2 h) and located into the wells of a 24
plate (Nunc Delta). The cells were collected and seeded in a defined number (1.5 x 104 cells) in 500 ul of
media, used to submerge the specimens. The plate was incubated at 34 °C, 5% CO2 for 24 h; afterwards,
cells viability was evaluated by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Sigma). An aliquot of 100 pul of MTT solution (3 mg/ml in PBS) was added to each well
and stored for 4 h at 34 °C in the dark; afterwards, the supernatants were removed and the formazan
crystals solved by adding 100 pl of DMSO/well. Then, an aliquot of 50 ul was collected from each well,
centrifuged (12,000 rpm, 5 min) to remove debris and finally spotted into a new 96 wells plate. Sample
optical density (0.d.) was measured with a spectrophotometer (SpectraCount, Packard Bell) at 570 nm. The
cells cultivated into the polystyrene wells were used as a positive control (group a) and considered as 100%
viability while the test samples results were expressed as a function of controls. On the other hand not-
treated polystyrene (for bacteria) was considered as a negative control (group c). Experiments were
performed in quadruplicate.

Finally, the morphology and the spread of cells cultivated onto materials of interest (Group b) were
compared by means of SEM.

2.10. Statistical analysis of the data

Statistical analysis of physicochemical and biological data was performed trough ANOVA one way tests
(significance level increasing from p < 0.05 to p < 0.01 and p < 0.001). Finally, the Scheffé's post hoc
multiple comparison tests were performed to detect significant differences between groups.

3. Results

Eight different substrates have been chosen for this research, in order to verify the influence of some
chemical and physical surface parameters (isoelectric point, hydroxylation degree, surface energy and
wettability), on the biological response (protein adsorption, cell adhesion, bacterial adhesion and biofilm

formation) on a wide range of materials (metals, polymers and oxides) employed for biomedical applications.

A polishing procedure was optimized for each material in order to get smooth surfaces with comparable
roughness and to avoid effects due to the different surface morphology of the materials, which is not the aim
of the present work. The surface morphology was controlled by SEM observations (not reported) and

roughness measurements (see Table 1).

3.1 Chemical analyses
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Figure 1: XPS high resolution spectra of the considered materials
The chemical composition of the selected surfaces was analyzed by means of EDS, XPS and FTIR.

No relevant surface contamination was detected by EDS, in the limits of 0.1 wt%, on any of the examined

surfaces.

No relevant contamination was found on the tested materials, apart from unavoidable carbon content,
through XPS analysis. XPS measurements on PS substrates were not performed because gas emission from
these materials in high vacuum condition was too high. Literature data can be used as reference [33,34,35],
where corona treated Polystyrene for cell culture shows an enhanced density of hydroxyl and carboxyl

functional groups of about 10% with respect to the untreated one.

The high resolution XPS spectra of the oxygen region of the analyzed materials are reported in Figure 1.
Attention was focused on hydroxylation degree. The different contributions detected in the high resolution
spectra of oxygen have been attributed to the oxygen ions within bulk oxide or within exposed hydroxyl
groups, according to the literature data [36-42]. The quantitative ratio between the signal of the OH group

and that one of the O% ions is reported in Table 3. It was obtained by the ratio between the area of the



corresponding signals in the high resolution spectra of the oxygen region. It can be noted that 316L stainless
steel and silica show the highest hydroxylation degree, titanium and alumina the lowest ones and zirconia

and niobium are in a middle position.

Table 4: Hydroxylation degree from XPS analyses

Material | OH/O*

Alumina | 0.3

Silica 2.5

Zirconia | 0.6

Titanium | 0.2
Niobium | 0.6
Steel 3.8
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Figure 2: FTIR spectra of the considered materials

Fig. 2 shows the FTIR spectra of the different materials investigated in this work. It is difficult to perform an
accurate assignment of the bands in the acquired spectra, obtained by using the reflectance mode, due to

the high complexity of the signals. The small band at 2360 cm™ that appears in all the spectra is due to

atmospheric CO,.

In the spectra registered on the metals (titanium, niobium and steel), the bands related to the stretching

vibrations of molecular water and hydroxyl groups (at about 3500-3600 cm- 1) [44], [45], [46] were



observed, together with the bending vibrations of water molecules (at about 1630 cm- 1). In the case of

steel, the OH contribution at 3500-3600 cm- 1 is higher in comparison to the other metals [47].

The characteristic bands of the Nbsingle bondO bond are in the range 600—-1000 cm- 1 [48]; the peaks at
approximately 640 cm- 1 and 680 cm- 1 in the reported spectrum of niobium can be assigned to niobium

pentoxide, that is the native surface oxide layer formed on the metal surface.

In the spectrum of titanium, bands due to the Tisingle bondO bond vibrations were observed in the range of

600—640 cm- 1.

The spectrum of silica shows three peaks in the range between 1400 and 600 cm- 1, which belong to Sisingle
bondO bending vibration modes. At 3500-3600 cm- 1, the peaks due to overtones and combinations of
vibrations of Sisingle bondOH are reported in the literature [49], in addition to the contribution of molecular
water, and in the region between 3000 and 1400 cm- 1 overtones and combinations of vibrations of SiO2

network signals are also reported, but these peaks were not observed on the material tested in this work.

In the spectrum of zirconia, a characteristic peak at around 600 cm- 1 can be assigned to ZrO2, according to

[50], where the same peak with a maximum at 524 cm- 1 is reported.

The spectrum of alumina shows one group of signals related to the stretching vibrations of Alsingle bondO
bond in the octahedrally coordinated aluminium ions (600—750 cm- 1), while the bands in the range of 750-

900 cm- 1 can be assigned to the vibrations of Alsingle bondO bond in AlO4 units.

Concerning polystyrene for cells and bacteria culture, no difference can be registered by this technique. The
contribution of aromatic rings and OH groups can be observed in the spectral range between 3000 and 4000
c¢cm- 1. The aromatic Csingle bondH out of plane bending vibrations is observed at 1730-1950 cm- 1. At 1600,
1500 and 1410 cm- 1 the aromatic single bondCdouble bondCsingle bond stretching vibrations are detected.
Aromatic double bondCsingle bondH in-plane deformation vibrations were observed at 1200-1130 cm- 1.
At 840-860 and 760 cm- 1 aromatic double bondCsingle bondH out-of-plane deformation vibrations can be
seen, even if it is a quite weak signal, as at 701 cm- 1 out-of- plane ring deformation vibration. Aromatic
double bondCsingle bondH stretching vibrations can be seen at 3100 cm- 1, as at 2920 cm- 1 alkyl Csingle

bondH stretching vibrations were not observed [51].

3.2 Wettability

The surface tension data of the liquids used in this work for the measurement of surface energy are
summarized in Table 4. These liquids were chosen for their specific component, dispersive, acid, basic,

required to measure the surface energy by the van Oss theory. Decane was chosen because has only a



dispersive component to its surface tension, Trichloromethane was chosen for its acid component and 2-

Butanone for its basic component.

Moreover, the available data of surface tension of the liquids used for the wettability tests are reported in

Table 4. SBF and cell culture broth have a surface tension close to pure water while blood, FBS and bacterial

culture broth show slightly lower values.

Table 5: Physical properties at T=22°C [51-60]

Liquid Surface tension | Dispersive component Acid component Basic Component
[m)/m?] [mJ/m?] [mJ/m?] [mJ/m?]
Pure Water 72.8 26.4 23.2 23.2
Trichloromethane 27.2 27.2 0 0
2-Butanone 21.0 24.6 0 24.0
Decane 23.8 23.8 0 0
SBF 72.5 - - -
Cell cult.broth 70 - - -
FBS 52 - - -
Bact. cult. broth 57-60 - - -
Whole Blood 61 - - -
Table 6. Surface energy values for the investigated materials.
Surface energy values for the investigated materials.
Surface  Dispersive  Acid Basic Polar
ENergy component component component component
[m}/m?]  [m]/m?] [m]/m?] [m]/m?] [m]/m?]
Alumina 2404 23.80 0.01 145 024
Silica 23.96 23.73 0.01 1.29 0.23
Zirconia 24,00 23.80 0.01 0.96 0.20
Titanium 2399 23.80 0.01 0,91 0.19
Niobium 2398 23.80 0.01 0.80 0.18
Steel 23,80 23.80 0,00 1.01 0.00
PS—cells [55] 43,58 38.90 0.40 13.70 4,68
PS-bact [56-58] 4632 44 31 0.46 220 20
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Figure 3: Static contact angles of different fluids on the considered materials

Fig. 3 reports the contact angles values of the different fluids on the considered materials grouped as:
inorganic liquids (pure water and SBF — Fig. 3a), organic solvents (Trichloromethane, 2-Butanone and decane
— Fig. 3b), biologic fluids without cellular components (FBS, bacterial and cell culture media - Fig. 3c) and
blood (Fig. 3d). A statistical analysis of each dataset obtained by using the same liquid was performed and

briefly summarized below and in Fig. 3.

Concerning the measurements with SBF as a testing liquid, we can divide the tested surfaces in four groups

(Fig. 3a), with decreasing contact angle values and no statistically significant difference within each group:
- PS-bact and alumina (group a);

- zirconia and steel (group b);

- titanium and niobium (group c);

- PS-cells and silica (group d).


https://www.sciencedirect.com/science/article/pii/S0928493116316939#f0015

Statistical differences at a significance level p < 0.01 were found among groups a, ¢ and d (Fig. 3a), while

group b is in mid-position without any significant difference in comparison to the other groups.

Concerning the measurements with pure water as a testing liquid (Fig. 3a), the tested surfaces can be divided

in five groups:

PS-bact and alumina (group a’)

- PS-cells (group b’)

- Zirconia and niobium (group c')

- steel (group d’)

- titanium and silica (group e’).

The surfaces in group a’ show comparable values of contact angle, which are statistically higher than the ones
of (reported in decreasing order) groups b’ (p < 0.05), e’ (p < 0.01) and d’ (p < 0.01). Zirconia and niobium

(group c') are in a mid-position without any statistical difference in comparison to the other groups.

Concerning the measurements with organic solvents as testing liquids, wettability on polystyrene substrates
was not measured because of their great reactivity with the substrate. Butanone completely wets all the
surfaces (the contact angle was near 0° and not measurable; it was reported equal to 1°) except steel, while
decane completely wets all the surfaces except silica. Higher contact angles were measured by using

Trichloromethane, the surfaces can be grouped as (Fig. 3b):

- alumina (group a")

- zirconia, steel, titanium and niobium (group b”)

- silica (group c”).

Group b"” shows contact angle values significantly higher (p < 0.05) than group a”; while group c” has no

statistically significant difference in comparison to the other groups.

Concerning the measurements with biological fluids as testing liquids (Fig. 3c), different observations can be

done for each fluid. In the case of the cell culture medium, the surfaces can be grouped as (Fig. 3c):

- PS-bact (group a)

- alumina (group b)

- zirconia, steel, titanium and niobium (group c)



- PS-cells and silica (group d).

No significant differences can be evidenced in group d, which has contact angle values lower than group b
(significance level p < 0.01), which in turn has contact angle values lower than group a (significance level p <

0.01); group cis in a mid-position and it is not statistically different in comparison to the other groups.
In the case of the medium for bacterial culture, the surfaces can be grouped as (Fig. 3c):

- PS-bact, alumina, zirconia and steel (group a’)

- titanium and niobium (group b’)

- PS-cells (group c')

- silica (group d’).

No statistically significant differences can be evidenced in group a’ while it has higher contact angle values
than groups c’ and d’ (significance level p <0.01); group b’ is in a mid-position and it is not statistically different

in comparison to the other groups.

In the case of FBS, the surfaces can be divided in three groups (Fig. 3c):
- PS-bact, steel, titanium (group a”)

- alumina and zirconia (group b")

- silica and PS-cells (group c”).

There is a statistically significant difference (at a significance level p < 0.01) between group b"” (high contact
angle values) and group c” (low contact angle values), while the other surfaces (group a”) do not show

significant differences in comparison to the other tested samples and are in a mid-position.
Concerning the measurements with blood as a testing liquid (Fig. 3d), the surfaces can be grouped as:
- PS-bact (group a)

- Alumina (group b)

- Zirconia and PS-cells (group c)

- Steel (group d)

- Titanium and niobium (group e)

- Silica (group f).



No statistically significant differences can be evidenced in group e as well as in group c, while all the other
comparisons give highly significant differences (p < 0.01 or p < 0.001). The contact angle values decrease

from PS-bact, to alumina, zirconia/PS-cells, steel, titanium/niobium and silica.

All these statistical comparisons were used for a meta-analysis of the data reported in the discussion (Table

7).

Table 7. Meta-analysis of the data: a scale from 1 (minimum value obtained on that test) up to 6 was used in

order to compare the features of the investigated materials.

Wettabili Surf ener;
v & zera | P cell
OH BCA | CFU | XTIT
Cell Bact . . ) pot. Viab
H,0 | SBF FBS Blood BUT DEC CHCI 3| Disp. | Acid Basic : pH .
broth | broth
Al04 1 1 1 3 1 1 2 6 6 6 4 1 1 3-4 3-4 [ 4-5 1 5
5i0, 4 4 6 6 6 6 6 6 2 4 4 1 1 1 3-4 1 5 1 5
Zr0, 2 3 2 4 1 1 3 6 6 3 4 1 1 3-4 3-4 4 5 1 5
Ti 1 4 4 4 3-4 | 2-5 5 6 6 3 4 1 1 3-4 4-5 4 5 1 5
Nb 2 3 4 4 3-4 | 2-5 5 6 6 3 4 1 1 3-4 3-4 4 5 1 5
AISI316L 6 6 2 4 1 2-5 4 2 6 3 4 1 1 3-4 4-5 4 ) 1 )
PS bact =1" 1 1 1 1 2-5 1 - - - 6 6 [ 3-4 3-4 4 6 6 1
PS cell =2* 2 6 6 5 6 3 - - - 6 6 1-2 6 2-3 4 6 6 6

At an overview of the results, it appears that the tested materials are almost arranged in the same order of
the measured contact angle values, regardless the use of different liquids (water, SBF, cell and bacteria
culture media, blood). Despite the liquid used for the test, silica is the more wettable surface in most cases
(except water), while alumina and polystyrene for bacterial cultures are the less wettable ones. Polystyrene
for cell cultures generally has low contact angles with all the investigated fluids (slightly higher with blood).
Zirconia, steel, titanium and niobium generally have mid-range values of contact angle among the explored
materials. Titanium and niobium show quite similar wettability. The use of different liquids is useful in order
to evidence differences between similar surfaces, such as alumina and PS-bact which are differently wetted

by cell culture medium and FBS.

In general, the highest contact angle values have been obtained using blood as wetting fluid, on most of the
tested materials, while the lowest contact angle values were obtained by using bacterial and cell culture

media (except on steel).



Surface energy values were obtained for the different materials, as reported in Table 6. In the case of
polystyrene for bacteria and cells cultures, the measurements were not experimentally performed in this
research because of the high reactivity of the polymer with the liquids used for the tests. The literature data

are reported in this case.

It is possible to observe that many materials show the same value of dispersive components (around 24
mJ/m2) and of the acid component (around 0.01 mJ/m?2). This is in agreement with the van Oss model [56]
because only the decane contact angle values were taken into account to predict the dispersive component
and the contact angle was considered 1° on all the surfaces (slightly different for silica), because the liquid
completely wets the surfaces. The same reason is valid for calculation of the acid component: decane and 2-

Butanone completely wet all the surfaces (slightly different for steel).

Polymers, as expected, show complete different values, with higher dispersive and polar components. PS-

cells shows a greater Basic component than PS-bact.
3.3. Isoelectric point and zeta potential

The isoelectric point was measured for each material by means of both contact angle titration (with one or
two liquids) and the electrokinetic technique. Although the contact angle measurements as a function of pH
have been proved useful in the literature for the assessment of the isoelectric point of flat metal substrates,
this method failed to give reliable results in our case due to excessive data dispersion. An example of the
obtained graphs is reported in Fig. 4 for alumina, respectively tested by the method of one (Fig. 4a) and two
liquids (Fig. 4b) contact angle titration. This method cannot be considered reliable for the purposes of this

work.
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Fig. 4. Isoelectric point determination by contact angle titration method for alumina samples. a) One liquid,
b) two liquids method.

Zeta potential in function of the pH value of the test solution and IEP, measured by means of the
electrokinetic technique, is reported in Fig. 5 for the considered materials. The IEP can be measured as the
intercept of the curve with the abscissa axis. Three measures were performed on each type of material, but
only one measurement is reported in Fig. 5 for better clarity; average IEP values and zeta potential at
physiologic pH were calculated for the three measures performed on each material and they are reported in
the following. Polystyrene for cellular cultures shows the lowest isoelectric point (pH range = 2-3), while IEP
values are similar for polystyrene for bacterial cultures, niobium, zirconia, alumina and silica (pH range = 3—

4). Titanium and steel show an IEP slightly higher (pH range = 4-5).
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Fig. 5. Zeta potential vs pH for the selected materials.

As far as zeta potential is concerned, the curves of the different materials have different slope vs pH. All the
considered materials are negatively charged at physiological pH (pH = 7.4), but the order of the tested
materials respect to zeta potential is different respect to the IEP values. Polystyrene for cell cultures exhibits
the highest negative zeta potential (average value of — 150 + 10 mV), silica the lowest (average value = - 24
+ 15 mV). All the other materials present average values of zeta potential in the range between - 50 and -

80 mV at pH 7.4.

3.4. Protein adsorption

Fig. 6 reports the results of total protein adsorption on the selected materials (Fig. 6a) and western blot
analysis of the absorbed proteins (Fig. 6b). It can be observed that alumina (group a — Fig. 6a) has the highest
total protein adsorption and silica (group c — Fig. 6a) the lowest (3 times lower than alumina). The other
materials presented similar intermediate results without any statistical difference (p < 0.01). Concerning
western blot analysis, no selective adsorption of albumin, fibronectin or collagen has been evidenced for the
tested materials, except silica where a lower amount of adhesive proteins (collagen and fibronectin) is

detected.


https://www.sciencedirect.com/topics/materials-science/zeta-potential
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Figure 6: Protein adsorption measurements. a) BCA quantification, b) Western Blot analyses

3.5. Bacterial adhesion

The amount and viability of S. aureus colonies on the selected materials are reported in Fig. 7. The highest
bacterial contamination (in terms of CFU counts) has been observed on both polystyrene surfaces (group a —
Fig. 7) which are statistically different from all the other samples (p < 0.001). Steel is in mid position (group b
— Fig. 7) without any statistical difference respect to the other groups. All the other materials present a
statistical difference respect to polystyrene surfaces (group c — Fig. 7—p < 0.001), while there is no significant
difference within the group. The value of CFU of S. aureus biofilm on alumina has a greater statistical
difference respect to polystyrene surfaces than the other samples of the group c (p < 0.0001).

Fig. 7
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Fig. 7. Bacterial adhesion. a) Biofilm CFU count, b) biofilm viability (XTT).

Concerning S. aureus biofilm viability, we can divide the tested materials into two groups: there is a
significantly higher viability on both PS substrates and lower on the explored oxides and metals (slightly
higher on steel).

3.6. Cell adhesion
Osteoblast cells viability and morphology on the selected materials are reported in Fig. 8. All the considered

materials resulted as suitable for cells adhesion and spread with the only exception of polystyrene for
bacteria culture (as expected considering the lack of surface treatment). A statistically higher cell viability



was measured on polystyrene for cell culture (group a — Fig. 8a — p < 0.001), the lowest on polystyrene for
bacteria culture (group ¢ — Fig. 8a), while all the other samples are in the same statistical group (group b —
Fig. 8a).
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Fig. 8. Cell adhesion. a) Cell viability (MTT), b) cell morphology (SEM, group b).

Finally, SEM observations (Fig. 8b) of the materials of interest confirmed a comparable adhesion and spread
of osteoblasts with the development of numerous phyllopodia on all the substrates of group b.

Discussion

As first, a detailed protocol for the preparation of the surfaces was developed. This procedure was selected
in order to compare the behaviour of the different materials independently from the roughness effects,
which are not the focus of the present research work. The proposed preparation protocol leads to smooth
surfaces with comparable roughness values (0.007-0.04 um) and good cleaning degree on all the tested
materials, as confirmed by the profilometry and XPS analyses. No specific topography can be detected on the
surfaces by means of SEM observation, despite some pores or few polishing tracks. The obtained roughness
range is below the critical threshold indicated in the literature for the increase of bacterial adhesion (0.2 um)

[62], [63] and it can be supposed that it does not affect significantly cell/bacteria behaviour.

For a better comparison of the data, a sort of meta-analysis was performed and it is reported in Table 7. A
progressive number from 1 to 6 was assigned to each surface for the different tests, considering that 1 was
assigned to the surface with the lowest value in that test, 6 to the surface with the highest value and the

surfaces with mid properties show a number in the range 2-5 proportional to the obtained value in that test.

As far as hydroxylation degree is concerned, different data were obtained by means of FTIR and XPS
measurements, because of different penetration depth of these techniques and the different analysed sub-
surface volume, as already observed by the authors [15], [64]. XPS (lower penetration depth — in the range
of few nanometers) detected an OH signal on all the investigated metals and oxides, with an increasing
surface hydroxylation degree from titanium and alumina to zirconia and niobium, silica and finally steel. On

the other side, no signal of hydroxyl group was detected through FTIR (higher penetration depth — in the



range of some microns) on the investigated oxides, suggesting that the hydroxylated layer is thicker on the
metals and thinner on the oxides. Absence of differences between the FTIR spectra of polystyrene for
bacteria and cells culture can also be ascribed to the higher penetration depth of this technique. According
to the literature, a zero hydroxylation degree was considered for untreated polystyrene for bacteria culture
and a value equal to 10% for corona treated polystyrene for cell culture [34], [35], [36]. Considering that
biological response is due to the outermost surface layer, we can conclude that XPS results are the most

significant for the present analysis and they were considered in Table 7.

Concerning the wettability tests, the highest wettability by pure water has been observed for steel and the
lowest for alumina and PS for bacterial culture. These results are in accordance with the hydroxylation degree
(except titanium), in fact a higher amount of OH groups can be associated with a higher wettability of the
surface by polar liquids [65]. The rigorous surface cleaning protocol for all the tested materials (acetone and
water washings followed by UV irradiation) allows the elimination of organic contaminants (always present
onto reactive surfaces) and a consequent reliable correlation of wettability results with the hydroxylation
degree, as suggested in [65]. These results confirm that the outermost surface layer is the most significant in
order to determine the wetting behaviour of a material, as indicated by XPS results on surface hydroxylation,

and suggest that hydroxylation degree is a key factor when the wetting liquid is pure water.

Considering the values of surface tension of the liquids used for testing, it is consistent to find values of
contact angle not too far for water, SBF and bacteria/cells culture broths on several materials, considering
that these liquids have comparable surface tension. In any case, the use of different liquids and media for
wettability tests allows evidencing some unexpected differences such as between alumina and PS bact, which
are similar and hydrophobic respect to several liquids, but show different behaviour when wetted by cell

culture medium and FBS. Steel shows a quite different wetting behaviour by changing the liquid in the test.

Comparing the wettability data obtained on the same surface by changing the liquid from water to an
inorganic saline solution (SBF), a consistent increase in wettability is registered on silica and PS-cell, while
steel shows a consistent decrease. This effect can be related to a different ion adsorption from the examined

surfaces.

The protein containing liquids (FBS, cell culture medium and bacterial broth) have a wetting behaviour not
too far from SBF saline solution, with few exceptions: a bit higher wettability of alumina, zirconia and steel

by cell culture medium.

Concerning measurement of wettability by blood, it can be considered a good simulation of in vivo behaviour,
even if several factors must be considered for a correct interpretation of the data. Test temperature was 22
°C and not 37 °C, EDTA, used to prevent blood coagulation in this study, slightly increases blood density,

viscosity and surface tension of blood. This can cause a slight increase in the sizes of blood drops, formation



of longer blood ligaments and, consequently, more spherical droplets [66]. Even the inhomogeneity of the
particles within the drops of blood and their adhesion with the substrates of the samples should be

considered.

It is interesting to note that wettability by blood cannot be easily predicted by any other wettability test in a
different fluid. This is consistent with the blood nature. Blood is a biological tissue in the fluid state, which
consists of a continuous aqueous phase, plasma, containing many inorganic molecules and about 8% by
weight of proteins (major among them fibrinogen, globulin and albumin), and the so-called figured elements
(erythrocytes, leukocytes, platelets and chylomicrons) [67]. It can be concluded that if blood wetting is a key

factor for biological response of a surface, specific tests must be performed.

Concerning the surface energy of the different tested materials, a general rule is that wettability increases if
the surface energy increases, but this simple rule is not useful if comparison is performed on a wide range of

materials as in this research.

Evaluation of the isoelectric point (IEP) by means of contact angle titration did not give reliable results. In
fact, high data dispersion and a not univocal value for the IEP have been observed both for the one liquid and

two liquids approaches.

On the other side, electrokinetic measurements gave reproducible and reasonable results, so this technique
can be considered suitable for the measurement of the isoelectric point and zeta potential of bulk
biomaterials. The isoelectric points of all the tested materials are comprised in the 2-5 pH interval and
consequently all the tested materials are negatively charged at physiological pH (i.e. pH = 7.4). The lowest
values for the isoelectric point have been registered for PS for cells and the highest ones for steel and
titanium. These results are in accordance with literature on titanium and silica [65], [68], [69], but not for the
other tested materials [68], [69], such as alumina and zirconia. This apparent inconsistency can be explained
considering that most of the IEP and zeta potential measurements reported in literature are related to
powder samples and surface charge of materials in bulk form can be substantially different because of the
effects of sintering. Moreover, the technique used for both sample preparation and measurement are not
always completely described and comparable. This point highlights the need of a systematic study of zeta
potential of various materials in the same conditions in order to obtain comparable results. Measurements
limited to IEP are useful in order to predict the sign of the surface charge, but not for a prediction of relative

values of zeta potential at a specific pH of different materials.

As far as zeta potential at physiological pH is concerned, its magnitude on the different tested materials is
different: the most negative one has been obtained on PS for cell cultures and the opposite on silica. This is
the result of a balance among the different functional groups and ions present on the surface. The slope of

the curves in the basic pH side of the graph makes also clear that only silica, showing an evident plateau, has



only one type of functional group exposed on the surface (OH) [30]. It is evident that CORONA treatment on
polystyrene is able to activate the surface and modify the zeta potential through a number of different
functional groups: no plateau is evident in the zeta potential curve and a shift toward much more negative
value is observed. When a surface treatment specifically increase the exposition of one functional group a

plateaus and a shift toward less negative values are observable in the zeta potential curves.

Meta-analysis reported in Table 7 shows that there is not a direct relationship between the trend of surface
hydroxylation and that of zeta potential: no general rule can be found and zeta potential and surface charge

are a much more complex effect than just a consequence of the presence of OH groups on the surface.

It is worth making a specific discussion on polystyrene. The material for bacteria culture is untreated, while
that one for cell culture was CORONA treated. It is reported [70] that this process, as well as different plasma
surface treatment, generates highly energetic oxygen ions which oxidize and graft onto the surface
polystyrene chains, so that the surface becomes hydrophilic and negatively charged once medium is added.
The data reported in Table 5 refer to experimental and literature data [34], [35], [36]. The increment of
hydroxylation degree due to the CORONA treatment is low and consequently wettability by water, while it

induces a consistent change in zeta potential and wettability by SBF and cell or bacteria broths.

The highest total protein adsorption has been observed on alumina and the lowest one on silica, while the
other materials present an intermediate analogous behaviour. Interestingly, alumina and silica are substrates
with respectively very low and high wettability. This result is in accordance with the literature consensus on
a preferential protein adsorption (except for glycoproteins) on hydrophobic substrates compared to
hydrophilicones [71], [72]. This phenomenon is explained considering that highly hydrophilic surfaces creates
hydrogen bonds with the water molecules in the first steps of surface-fluid interaction (hydration) and that
proteins, in order to be adsorbed onto the surface, must displace water molecules, with a certain energy
consumption. The reduced protein adsorption on hydrophilic surfaces has been exploited in the realization
of super-hydrophilic anti-adhesive and anti-fouling materials [73]. On the other hand, protein adsorption on
surface charged materials can be induced by electrostatic interaction between the surface and the protein
[74]. At the end, we observe the lowest adsorption on the surface presenting at the mean time high
wettability, exposition of only one type of functional group (OH) and very low surface charge (silica), while in
order to get a very high adsorption of proteins low wettability in both water based and protein containing
media and a moderate surface charge are requested (alumina). Moreover, it must be considered that
proteins can assume different configurations upon adsorption on hydrophilic/hydrophobic surfaces. It has
been reported that fibronectin shows a marked reduction in its cell-adhesive activity if adsorbed onto
hydrophobic substrates, while its cell-stimulating functionality is maintained if adsorbed on hydrophilic ones

[17].



As far as adsorption of specific proteins (albumin, fibronectin and collagen) is concerned, no defined trend
has been observed on the investigated materials. Only a moderate decrease in the adsorption of adhesive

proteins (collagen and fibronectin) can be underlined on silica substrates.

Concerning protein adsorption, interestingly no statistical difference among polystyrene for cells (CORONA
treated) and bacteria (untreated) cultures was detected. It is reported [75] that the hydrophobic polystyrene
surface must be modified to a more hydrophilic surface in order to maximise fibronectin adsorption providing

a better surface for cells to attach, but this is not what we observed.

The highest bacterial contamination and biofilm viability has been observed on both polystyrene surfaces,
with greater statistical difference with respect to alumina than the other samples. No relationship between
surface charge or protein adsorption, bacterial adhesion and viability can be deduced from our data. A lower
adhesion on the surface with the highest negative surface charge could be expected considering the negative
surface charge of the used bacteria, as often reported as a general rule [76], but this behaviour is not evident
in the present research. On the other side, it is reported that bacteria can use cell-adhesive proteins as
preferential adhesion sites [77], [78], [79], but this expected trend is not congruent with our research. It
appears from our results that a high Lewis acid (donor) component of the surface energy is able to increase
bacterial adhesion according to the presence of a high Lewis basic (acceptor) component of the surface
energy of bacteria [80]: it is difficult to say if this can be used as a general rule on different strains and

different materials, but further work in this direction might be worthwhile.

All the considered materials resulted biocompatible and adherent substrates for osteoblast cells, except
polystyrene for bacteria culture, as expected; moreover, statistically higher cell viability was measured on
polystyrene for cell culture. It can be concluded that low hydroxylation degree, joined to low wettability both
in SBF and in culture media results in a low cell adhesion, while surface treatment (such as CORONA) able to
increase wettability in culture media and SBF, as well as to increase the amount of negative surface charge
strongly increment cell adhesion. The case of silica shows that low protein and fibronectin adsorption alone
is not able to inhibit cell adhesion on a strongly hydrophilic substrate. On the other side, a negative surface
zeta potential (such as - 150 mV on polystyrene for cell culture) can be the decisive factor in order to increase
cell viability. This effect is not due to a higher amount of adsorbed proteins, but probably to a higher activity

of adhesion proteins such as fibronectin, as reported in [81].

An often reported general rule is that the polar component of surface energy has a great influence on cell
adhesion on a biomaterial, with an increasing trend of cell attachment if the polar component increases. Our

results show that the Lewis acid and basic component of the polar surface energy must be separately



considered. The high Lewis basic component of the surface energy must be taken into account as a factor

able to significantly reduce the cell viability as observed on PS bact.

It is often reported a general rule [82] about a threshold between adhesive and not adhesive surfaces at the
critical surface tension of 40 mN/m (aqueous contact angle around 60°), whereby surface with lower surface
tension are not adhesive even if they show great protein adsorption. Our results compliant with the rule, but
only if it is considered as a rough threshold value: it is not useful in order to qualitatively predict a progressive

adhesion trend on different materials.

Conclusion

In conclusion, a systematic investigation of surface features and their relationships with biological response
was performed on a wide range of biomaterials: oxides, metals and polymers. Some techniques were found
not useful at this aim, such as FTIR for measurement of hydroxylation degree and contact angle titration for

evaluation of the isoelectric point (IEP).

An increment of surface hydroxylation degree was detected by means of XPS moving from titanium and
alumina to zirconia or niobium, silica and finally steel. There is accordance between wettability data in water
and the hydroxylation degree: a higher amount of OH groups can be associated with a higher wettability of
the surface with polar liquids (steel) and vice versa (alumina). SBF, cells culture broths show values of surface
tension not too far from water and consequently almost similar wettability behaviour on the tested surfaces,
but some differences among look-alike materials can be evidenced by using different media in wetting tests.
Wettability by blood cannot be easily predicted as a general rule by any other wettability test in different

fluids. This is consistent with the completely different blood nature.

Concerning IEP, it must be directly measured on bulk specimens and cannot be easily assumed from data
obtained on the same material in powder shape. Moreover, even if IEP measurements can predict the sign
of a surface at different pH, the magnitude of the zeta potential must be directly measured by electrokinetic
techniques. In our case, the highest negative zeta potential has been measured on PS for cell cultures and
the lowest on silica. Zeta potential measurements are also useful in order to evidence the presence of one

or more functional groups on the surface.

There is not a direct relationship between the trend of surface hydroxylation and that of zeta potential,

because surface charge is a much more complex effect.

Concerning protein adsorption, we observe the lowest adsorption on the surface presenting at the mean
time high wettability, the presence of only OH groups and very low surface charge (silica), while in order to
get a very high adsorption of proteins low wettability in both water based and protein containing media and

a moderate surface charge are requested (alumina): this observation join together two general rules on



surface charge/hydrophilicity and protein adsorption often reported. No significant difference in protein

adsorption was detected on polystyrene for cells and bacteria cultures.

The highest bacterial contamination and biofilm viability has been observed on both polystyrene surfaces:
no relationship between surface charge or protein adsorption and bacterial adhesion and viability can be
deduced from our data, while the presence of a high acid component of the surface energy seems to make

the difference.

Concerning cell viability, it can be concluded that low hydroxylation degree, joined to low wettability both in
SBF and in culture media results in low cell adhesion (PS-bact), while a negative surface zeta potential joined
to a high polar component of surface energy can be the decisive factors in order to increase cell viability. The
presence of a sort of rough threshold between adhesive and not adhesive surfaces at the critical surface

tension of 40 mN/m is confirmed.
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