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Full Length Article 
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A B S T R A C T   

Alpha-tocopheryl phosphate (α-TP) is the water-soluble form of the antioxidant and lipophilic molecule alpha- 
tocopherol. Even if α-TP’s antioxidant and antibacterial properties are known, it has never been exploited to 
prevent implantable materials against bacterial surface contamination, till now. Accordingly, the purpose of this 
work is to couple a chemically treated Ti6Al4V surface with α-TP conferring a local antibacterial activity pre
serving orthopaedic and dental prosthetic devices. The grafting of the α-TP molecule is explored both as a thin 
coating (<0.2 µm thick) and through molecular functionalization. As a result, a homogeneous and continuous 
coating is obtained by auto-polymerization of the molecule on the treated titanium surface, as shown by 
reflectance spectroscopy, ζ potential titration curve, and Kelvin Prove assay. The coating exposes the phosphate 
groups (demonstrated by XPS and FTIR analysis), which give to the surface a hydrophilic (contact angle of 40◦

with water) and very effective antibacterial behaviour, thus reducing the surface infection from the pathogen 
Staphylococcus epidermidis of >3 logs (≈ 92%) in comparison to the uncoated controls. Contrarily, the phos
phorylated groups were used to create the binding to the surface on the functionalized samples, as shown by the 
XPS analysis. The functionalized surface results in poor antibacterial properties (≈1 log reduction of viable 
colonies) and hydrophobic behaviour. Finally, the cytocompatibility evaluation towards human mesenchymal 
stem cells showed the coating treatment to be more cell’s friendly in comparison with the functionalization.   

1. Introduction 

Biomaterials play an important role in orthopaedic and dental 
implant applications. Pure titanium and its alloys are the most used 
materials for permanent implants in contact with bone thanks to their 
fatigue resistance, low elastic modulus, stable chemical properties, and 
good biocompatibility [1] However, problems such as aseptic loosening 
and peri-implant microbial infection may lead to implant failure. The 
typical way of treating infections is antibiotic therapy through oral 
administration, which can often lead to the development of antibiotic- 
resistant bacteria and thus be ineffective, especially if bacteria are 
able to evolve in the biofilm form [2,3]. The term “biofilm” indicates a 
bacteria aggregate attached to a surface which is typically the cause of 
chronic and medical device-related infections from a clinical perspec
tive. Because of the antibiotic-resistant nature of biofilms, the use of 
antibiotics alone is ineffective in treating biofilm-related infections [4,5] 

That is why scientific research today is working hard to find solutions to 
render titanium surfaces antibacterial through a local activity of non- 
antibiotic molecules. Several strategies have been studied to prevent 
infection by implementing surface modifications on titanium and using 
different antibacterial agents such as biomolecules, polymers, and 
metals [6,7,8–14]. In addition to this, new frontiers of titanium implants 
have been directed not only to fighting bacterial infection, but also to 
improving bioactivity and osseointegration, creating multifunctional 
surfaces that can simultaneously have a number of specific responses in 
tissues, cells, and bacteria [15] The biological role and benefits of 
vitamin E were considered and studied by the scientific community 
when its excellent antioxidant properties were discovered [16]. Indeed, 
alpha-tocopherol, one of the most abundant and biologically active 
isoforms of vitamin E, functions as the most effective lipid-soluble 
antioxidant [17]. In addition to its antioxidant capabilities, other 
properties, such as antibacterial and anti-inflammatory actions, are still 
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being studied [18–22]. The scientific community has increased its in
terest in this compound in recent years bringing the most compelling 
results in drug delivery systems, surface coatings, tissue engineering, 
and regeneration, and wound healing [23–28]. The antioxidant ability 
of this molecule can be conferred to materials and biomaterials to which 
it is coupled, but its hydrophobic nature makes difficult its use on sur
faces devoted to direct and permanent contact with bone [28]. Over the 
past few decades, a water-soluble form of vitamin E, the alpha- 
tocopheryl phosphate (α-TP), has gained interest especially after it 
was naturally found in the plasma and tissues of humans and animals 
[29]. The OH chromanol group, typical of alpha-tocopherol, is phos
phorylated to form α-TP thus losing its antioxidant property, but turning 
out to be a hydrophilic molecule, soluble in water, with -PO4

2- functional 
groups exposed. α-TP is being studied for its antibacterial, osteogenic, 
and angiogenic properties, but there are still very few studies on its 
functionalization on solid surfaces and its effects [29–32]. In particular, 
the antibacterial effect of alpha tocopherol phosphate is still under 
study, and its mechanism of action is still not well understood. Only a 
few papers studying the antibacterial effect of phosphate can be found in 
the literature, claiming a good antibacterial effect toward S. aureus and 
S. epidermidis [30,33]. Based on these considerations, the purpose of this 
work is to develop a multifunctional surface by coupling a chemically 
treated Ti6Al4V surface with pro-osteogenic properties with a molecule, 
α-TP, with antibacterial properties for orthopedic and dental devices. 
The surface obtained after the chemical treatment displays both micro- 
and nano-roughness (Ra = 0.25 µm), and exposes acidic OH groups that 
allow not only pro-osteogenic properties but make the substrate suitable 
for grafting with biomolecules [34]. In this paper, two different strate
gies of surface grafting, molecular functionalization, and thin coating, 
are explored, and for both modes, the divalent Ca2+ ion is exploited as a 
linker between the surface, rich in deprotonated OH groups, and the 
α-TP molecule, which is also negatively charged in solution. This process 
was designed based on past studies from the Authors that used Ca2+ to 
ensure a bond between the above surface and gallic acid or polyphenols, 
which easily release H3O+ ions in solution [35]. 

Finally, different characterizations were carried out to evaluate the 
grafting of the α-TP molecule on the surface by means of different 
physical/chemical techniques such as contact angle, ζ potential, X-ray 
photoelectron spectroscopy (XPS), UV\Vis spectroscopy, FTIR analysis, 
and Kelvin probe force microscopy. The biological characterization was 
performed by cellular assays with human mesenchymal stem cells 
(hMSC), to evaluate the cytocompatibility, whereas the antibacterial 
activity was assessed by evaluating the ability of the coated or func
tionalized specimens to prevent the surface colonization of the pathogen 
Staphylococcus epidermidis. 

2. Materials and methods 

2.1. Surface chemical treatment 

Ti6Al4V discs of 10 mm diameter and 2 mm thickness were used as 
substrates. First, the samples were polished with sandpaper (up to 400 
grit). All samples were washed for 5 min in acetone and twice for 10 min 
in ultrapure water in an ultrasonic bath. A patented thermochemical 
treatment was done on the samples, consisting of an initial acid attack 
with dilute hydrofluoric acid (HF) to remove the native oxide layer and 
create a micro-and nano-rough surface, and then controlled oxidation 
with hydrogen peroxide [36]. These samples will be referred to as CT 
(chemically treated), while the samples polished up to 400 grit used as 
control will be denominated as mirror polished (MP). 

2.2. Sample preparation for the functionalization or coating 

First of all, the treated samples were irradiated with UV light for 1 h. 
Immediately after irradiation, the samples were immersed in a solution 
of CaCl2 (0.292 g/L) for 24 h, minimizing sample contact with the air 

during the transfer. Alpha-tocopheryl phosphate (α-TP) 
((±)-α-Tocopheryl phosphate disodium salt, T2020, Sigma-Aldrich, St. 
Louis, MO, USA) was employed for surface functionalization. For the 
grafting of the molecule, a solution of α-TP in TRIS-HCL with a con
centration of 5 mg/mL was prepared by shaking the solution on a 
magnetic stirrer for 10 min, until the molecule was completely dis
solved. After 24 h, the samples immersed in the calcium solution were 
dried under a laminar flow hood and then immersed in the prepared 
α-TP solution for 3 h at 37 ◦C. 

2.2.1. Coating 
The coating method involved the following steps. Firstly, the samples 

taken from the solution (see 2.2) were dried for 5 min under a laminar 
flow hood, in this way, the molecule can form a continuous layer 
adhered on the substrate. After the layer was dried, the samples were 
rinsed 3 times in ultrapure water, to remove the what was not adsorbed. 
Lastly, samples were dried again under a laminar flow hood. 

2.2.2. Functionalization 
The functionalization method involved the following steps. Firstly, 

the samples taken from the solution (see 2.2) were immediately rinsed 3 
times in ultrapure water, precisely with the aim of avoiding the for
mation of a coating and allowing grafting of a molecular layer. Lastly, 
samples were dried under a laminar flow hood. 

2.3. UV–Vis diffuse reflectance spectroscopy 

Reflectance spectroscopy (R%) was carried out on solid samples (CT, 
CT_coating, CT_fun) in the range of 190–750 nm by equipping the 
spectrophotometer (UV-2600i, UV-2700i – Shimadzu) with the inte
grating sphere. The measurement was performed in reflectance mode 
with a slit width of 5 nm and a sampling interval of 1 nm. Barium sul
phate (BaSO4) was used as a blank for baseline correction. 

2.4. Kelvin probe force microscopy 

This is a dual-scan system in which both a topographic image and a 
surface potential image are obtained by a forward scan in tapping mode 
and a backward scan in lift mode applying a bias between the tip and the 
sample. To achieve this type of measurement, the atomic force micro
scope (Innova atomic force microscope, Bruker) was equipped with a 
conductive tip (Sb-doped Si, frequency 75 kHz, SCM-PIT-V2, Bruker). 
For this analysis, specifically created samples were prepared as here 
described. The steps described in 2.1 and 2.2 were applied, then half of 
the sample was coated with Kapton® and the samples were coated or 
functionalized according to the procedure described in 2.2.1 or 2.2.2. 
After complete drying, the Kapton® was removed. The samples thus 
obtained were only half coated or functionalized with a rather narrow 
border with the other half of the sample. The final topography and po
tential images (100 × 100 μm) were acquired on the boundary between 
the functionalized and nonfunctionalized surface. The scanning pa
rameters (scan frequency, lift height, tip-sample bias) were adjusted 
each time for the best results. Gwyddion software [37] was used to 
elaborate the images: a second-degree polynomial filter was applied to 
the topographical images while a matching filter was implemented for 
the potential images. 

2.5. Fourier transform infrared spectroscopy (FTIR) 

All sample surfaces (CT, CT_coating, CT_fun) were analyzed by 
Fourier transform infrared spectroscopy (FTIR, FTIR Hyperion 2000 – 
Tensor 27, Bruker Optics, Ettlingen, Germany) in ATR mode and 
compared with the spectrum of a drop of a solution of α-TP in water 
(concentration: 0,1 mg/ml). Spectra were acquired between 400 and 
4000 cm− 1 with a resolution of 4 cm− 1 and 32 scans per measurement. 
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2.6. ζ potential titration curves 

Surface zeta potential as a function of pH was analyzed by electro
kinetic measurements (SurPASS, Anton Paar) on the three samples (CT, 
CT_coating, and CT_fun), equipped with an adjustable gap cell. The ζ 
potential was determined as a function of pH in an electrolyte solution of 
0.001 M KCl, with a conductivity around 15 mS/m, and the pH value 
was varied by adding 0.05 M HCl or 0.05 M NaOH using the titration 
unit of the instrument. Separate couples of samples were used for the 
acidic and basic titrations in order to avoid artifacts due to surface re
actions during the measurement. 

2.7. X-ray photoelectron spectroscopy (XPS) 

To study the chemical composition of the uppermost layer and 
exposed functional groups, CT_ fun and CT_coating samples, and CT as a 
reference were analyzed by X-ray photoelectron spectroscopy (XPS, PHI 
5000 VERSAPROBE, PHYSICAL ELECTRONICS). All the analyses were 
conducted using a monochromatic Al Kα source (23.8 W) operated at 20 
mA and 15 kV and a spot size of 100 μm, with an energy resolution 
below 0.5 eV with step interval of 0,1 eV. Survey spectra were acquired 
at pass energy of 187.6 eV and a total acquisition time of 5 min. The 
fitting was performed through Casa XPS software. Both survey spectra 
(0–1200 eV), for the identification and quantification of chemical ele
ments, and high-resolution spectra (C, O regions) for the identification 
of functional groups were acquired. To ensure compensation for the 
charge effect, the spectra were referenced by setting the C1s peak of 
hydrocarbons at 284.80 eV. 

2.8. Contact angle 

Surface wettability was assessed by contact angle measurements 
obtained by the sessile drop method: a drop of 10 μl of water was 
deposited by a syringe on the surface of the samples (CT, CT_coating, 
and CT_fun). The contact angle was determined by acquiring and pro
cessing the images by using Image J software. The measurements were 
performed twice on each sample. The mean value and standard devia
tion were calculated and represented. 

2.9. Antibacterial evaluation 

A commercial strain of the biofilm former pathogen Staphylococcus 
epidermidis (S. epidermidis, reference strain ATCC 14990) was obtained 
by the American Type Culture Collection (ATCC, Manassas, USA) and 
cultivated in Trypticase Soy Agar (TSA, Merck) at 37 ◦C until round 
single colonies were observed; then, 2–3 colonies were resuspended in 
20 ml of Luria Bertani broth (LB, Merck) at 37 ◦C under agitation (90 
rpm) till reaching a final concentration of 1 × 105 cells ml− 1, corre
sponding to an optical density (OD) of 0.001 at 600 nm determined by 
spectrophotometer (Spark, Tecan, Switzerland). 

To perform the direct infection, specimens were gently located into 
24 multiwell plates and submerged with 1 ml of the above-mentioned 
bacteria suspension for 24 h at 37 ◦C; afterwards, bacteria metabolic 
activity was evaluated by the colorimetric Alamar blue assay (Ala
marBlue™, Life Technologies) whereas the number of the viable col
onies adhered to the specimens’ surface was counted by the CFU 
method. Briefly, the ready-to-use Alamar solution was added to each 
well containing the test specimen and incubated for 4 h in the dark; then 
supernatants were collected and measured via fluorimetric analysis (λex 
= 570 nm and λem = 590 nm). For CFU count bacteria were detached 
from specimens’ surface by vortex and sonicator (3 times each, 30 s) to 
perform six-serial 10-fold dilutions as previously described by the Au
thors [38]; the final number of CFU was calculated as follow:CFU =
[(number of colonies × dilution factor)serial dilution] Finally, bacteria 
morphology was visually checked by scanning electron microscopy 
(SEM, JSM-IT510 from Jeol). Briefly, after fixation in glutaraldehyde 

(20 min, room temperature) specimens were dehydrated by the alcohol 
scale (70–90–100%, 30 min each), treated with hexamethyldisilazane 
and cover-sputtered with gold prior to collect images at different 
magnifications. 

2.10. Cytocompatibility evaluation 

Specimens’ cytocompatibility was evaluated towards human 
mesenchymal stem cells (hMSC). Cells were obtained from ATCC (Pro
moCell C-12974) and cultivated in low-glucose DMEM (Sigma-Aldrich) 
supplemented with 15% fetal bovine serum (FBS, Sigma-Aldrich) and 
1% antibiotics at 37 ◦C, 5% CO2 atmosphere. Cells were cultivated until 
80%–90% confluence, detached by a trypsin-EDTA solution (0.25% in 
PBS), harvested, and used for experiments. To test specimens’ ability to 
support cells’ colonization, hMSC were directly seeded onto specimens’ 
surface at a defined density (2 × 104 cells/sample) and cultivated for 
24–48–72 hs allowing adhesion and spread. Then, the cells viability was 
evaluated by means of metabolic activity using the colorimetric Alamar 
blue assay as prior described: moreover, the morphology of the cells 
adhered to the specimens’ surface was visually checked by phalloidin 
(ab176759, AbCam, Cambridge, UK) and 4′,6-diamidino-2-phenyl
indole (DAPI Sigma-Aldrich, Milan, Italy) cytoskeleton and nuclei 
staining, respectively. Images were obtained by a fluorescent confocal 
microscope (TCS SP8 LIGHTNING confocal laser scanning microscope 
from Leica). 

2.11. Statistical analysis of data 

Experiments were performed in triplicate of each specimen for all the 
applied assays. The statistical analyses were performed by the one-way 
ANOVA followed by Tukey’s post-hoc analysis, with a significance level 
set at p < 0.05. 

3. Results 

3.1. UV– vis spectroscopy 

UV–Vis spectroscopy was used to detect the presence of the grafted 
α-TP molecules on the functionalized and coated samples (CT_fun and 
CT_coating, respectively). The spectrum of the CT sample was taken as a 
control of the surface before functionalization. Fig. 1a represents the 
spectra of the CT, CT_fun, and CT_coating samples. The spectrum of the 
CT sample shows clear interference ripples caused by the titanium oxide 
layer: a refraction effect occurs between the transparent titanium oxide 

Fig. 1. Reflectance spectroscopy (R%) of the solid samples CT, CT_coating, 
and CT_fun. 
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layer and the bulk metal, which creates the typical spectral effect. The 
spectrum of the functionalized sample (CT_fun) also shows rather pro
nounced ripples, while for the coated sample the ripples are less pro
nounced, suggesting that the oxide layer has been masked. All three 
curves show an upward trend, probably caused by the absorption of UV 
light by titanium dioxide (TiO2) [39]. There is a flattening of the spectra 
of the functionalized and coated samples in the region between 250 and 
300 nm, that is the region where the peak absorbance of α-TP occurs: it is 
most evident for the coated (CT_coating) samples, confirming the pres
ence of a masking coating. 

3.2. AFM and Kelvin probe 

The use of AFM equipped with a Kelvin probe allowed us to image 
the presence of the α-TP molecule on the surface of the samples by 
measuring the electrical potential difference on the border between a 
chemically treated area and a functionalized or coated one on the same 
sample (Fig. 2a–d). Fig. 2a shows the macro-optical image of a partially 
coated sample used for this analysis. Fig. 2b and d show the electric 
potential of the surface as a 3D image and its absolute value along a 
horizontal line, respectively. The electric potential difference between 
the two areas is about 60 mV, with the coating having a lower potential, 
as expected. The electric potential is homogeneous on the coated area 
and this result confirms the presence of a continuous layer of α-TP on the 
surface. Despite the high electric potential difference and the coating 
visible to the naked eye, there is no difference between the two halves in 
the AFM image of the topography, as shown in Fig. 2c, which means that 
the micro- and nano-textures of the CT surface are not covered by the 
coating. This observation is important if the osteogenic properties of the 
surface are to be kept intact. 

Fig. 3 shows the same images and data in the case of a partially 
functionalized sample. In this case, the border between the two areas of 
the sample is not as sharp as it was previously, and it is justifiable 
considering that a molecular layer of the grafted molecule is expected; a 
different enlargement has been consequently used for better 

visualization. Also, in this case, the functionalized surface appears with 
a uniform electric potential. The electric potential difference between 
the functionalized and chemically treated areas is about 40 mV, 20 mV 
less than in the previous case, which can be considered a significant 
result in terms of the different amounts of α-TP molecules on the surface. 
Moreover, as Fig. 3a and c show, the difference between the two halves 
is not visible to the naked eye and by AFM topography imaging. It can be 
concluded that a thinner layer of the α-TP molecule is grafted on the 
functionalized samples than on the coated ones, in both cases the grafted 
molecule forms a continuous layer, and micro-and nano-topography of 
the surfaces (due to the chemical treatment) is preserved. 

3.3. FTIR analysis 

FTIR analyses were performed on a drop of a solution of α-TP and on 
a CT sample, as controls, and on the functionalized or coated samples 
(CT_fun and CT_coating), respectively. The spectra obtained are shown 
in Fig. 4. The α-TP spectrum is useful for identifying the molecular 
groups typical of this molecule. 

From an overall comparison of the spectra, it is evident that 
CT_coating has higher and more defined peaks, corresponding to the 
α-TP’s peaks, which are due to a higher amount of the molecule on the 
surface, compared with CT_fun. The peaks at 2924 and 2866 cm− 1, 
clearly visible on both CT_coating and CT_fun, are attributed to the 
asymmetrical and symmetrical stretching vibrations of –CH3– and 
–CH2– in the long alkyl chain of the molecule [40]. The peaks at 1459 
and 1376 cm− 1 are associated with the phenyl skeletal and CH bending, 
respectively [41]. These peaks are clearly visible on the CT_coating 
sample, while on the functionalized one (CT_fun) they are not clearly 
visible, probably due to the sensitivity of the instrument. The peak at 
1252 cm− 1 is attributed to the alkyl CH vibration [42]. This peak is 
clearly visible in both samples (CT_coating and CT_fun), confirming the 
presence of the long side chain of the molecule. The peak typical of α-TP, 
which makes the difference with alpha-tocopherol, is the one at 1093 
cm− 1 attributed to the phosphate group, specifically the stretching band 

Fig. 2. AFM and Kelvin Probe measurements on a partially coated CT sample: (a) macro-optical image of the sample. (b) Image of electric potential of the sample, 
measured at the border between the coated and un-coated parts. (c) Topography of the sample (d) Potential difference (in mv) along a horizontal line of the scanned 
area. The scanned area is the same in b-c-d. 
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of -PO4
2- [43]. This peak turns out to be slightly shifted on both the 

samples, probably due to the formation of a complex with Ca2+ ions 
which are adsorbed on the surface before the grafting of α-TP. 

3.4. ζ potential titration curves: 

The titration curves of the CT, coated, and functionalized samples 
(CT, CT_coating, and CT_fun, respectively) are shown in Fig. 5. Although 
the isoelectric point value (IEP) was not measured, due to measurement 
limitations, it is derived by interpolation to be in the range of pH 2–3 for 
the CT and the coated samples. It is due to the presence of functional 
groups with an acidic chemical reactivity. Both curves exhibit a well- 

defined plateau for pH values above 5.5, indicating that the acidic 
groups have a specific acidic strength and completely dissociate above 
pH 5.5. In the case of CT, the acidic functional groups are bridged hy
droxyls of the titanium oxide layer [44]. The lower plateau values of the 
ζ potential of the coated sample (CT_coating) can be justified by the 
exposure of negatively charged phosphate groups on the surface. The 
value of pKa reported in the literature for the complete deprotonation 
(from -HPO4

− to -PO4
2− ) of the phosphate group of tocopheryl phosphate 

is around 6 [45]. The obtained curve of CT_coating basically agrees with 
the literature, even if the pKa seems to be shifted to around 5. In addi
tion, the similar, rather low slope between in the other two samples, the 
curve is not stable at acidic pH (below pH 4) with a rather high standard 

Fig. 3. AFM and Kelvin Probe measurements on a partially coated CT sample: (a) macro-optical image of the sample. (b) Image of electric potential of the sample, 
measured at the border between the coated and un-coated parts. (c) Topography of the sample (d) Potential difference (in mv) along a horizontal line of the scanned 
area. The scanned area is the same in b-c-d. 

Fig. 4. FTIR analysis of CT, CT_coating, CT_fun, and α-TP.  
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deviation (data not shown). The steep slope of the curve can be 
accounted for by the hydrophobicity of the surface evidencing that the 
hydrocarbon (phytyl) tail of the molecule is mainly exposed outwards. 
The absence of the plateau in the basic region can be explained by the 
lack of negatively charged phosphate groups exposed on this surface by 
α-TP and by a complete covering of the CT substrate and its acidic OH 
groups. pH 3 and 5 of both CT and CT_coating may be related to the high 
wettability of the two samples. In fact, water, being strongly adsorbed by 
hydrophilic surfaces, hardly detaches from it, making slow the 
replacement by OH groups from the solution. As a result of this process, 
the ζ potential slightly changes by changing the pH of the solution, 
above pH5.5, because the functional groups of the surface do not change 
their chemical state and no ions are adsorbed from the solution. 

3.5. X-ray photoelectron spectroscopy (XPS) 

XPS analysis was performed on the coated and functionalized sam
ples (CT_coating and CT_fun), and on the control sample (CT) as a 
reference, to quantify the elements present on the surfaces and their 
chemical state. The atomic element percentage, as detected in the survey 
spectra of the different samples, is reported in Table 1 and survey spectra 
for the three samples are reported in Fig. 6. A large amount of oxygen 
was detected on the CT sample, confirming the presence of an oxide 
layer on the surface. The Ti amount is similar for the CT and CT_fun 
sample, while on the coated (CT_coating) sample, the Ti alloy substrate 
is not detectable, supporting the previous results (UV–Vis reflectance, 
KPFM, FTIR) that show the presence of a thicker coating on this sample. 
A high percentage of carbon is found on the CT since, as a common 
contaminant, it adsorbs very easily on titanium surfaces, but it grows 
considerably for CT_coating, with respect to the CT sample, because of 
the presence of the organic coating, whereas the percentage of oxygen 

decreases because of the titanium oxide layer is no more detectable. 
Phosphorous, the element that is characteristic of the α-TP molecule, is 
present in small amounts on both samples (on CT_fun it is half than on 
CT_coating) and obviously not present on CT. Calcium is detected on 
both the modified surfaces in small amounts (CT_fun and CT_coating) as 
a result of the 24 h immersion in a solution of CaCl2. 

For the determination of the chemical state and binding energy of the 
elements, a high-resolution analysis was performed on the oxygen and 
carbon regions, as shown in Fig. 7. In the O1s region, the CT sample, as 
we expected, has a clearly visible signal given by the bridged acidic OH 
groups (around 530.5–531.0 eV) and a lower signal due to the terminal 
basic OH groups at 531.5–532.0 eV. A large contribution around 530.4 
eV attributed to Ti–O bonding is also visible due to the TiO2 oxide layer 
[12]. In contrast, the spectrum of the CT-coated sample (CT_coating) is 
significantly different: the signal attributed to the Ti–O bond has dis
appeared (in agreement with the absence of Ti in the survey), con
firming the presence of a thicker coating. Instead, it shows the signals of 
the phosphate group at about 531 eV (–P=O) [44] and 532.5 eV (–POH) 
[46], confirming the findings of the ζ potential and contact angle (see 
next paragraph) measurements, according to which the ionic, hydro
philic phosphate group is largely exposed on the outermost layer of the 
coating. On the CT_fun functionalized samples, the presence of the 
characteristic TiO2 peak is evident (in agreement with the presence of Ti 
in the survey), confirming that the α-TP layer is so thin to make the oxide 
layer still detectable by XPS on the functionalized sample. The region of 
the OH group has several contributions coming from the acidic OH 
groups of the titanium oxide layer (around 531 eV), overlapped to the 
–P=O signal of the phosphate group, and the basic OH groups of the 
titanium oxide layer, overlapped to the -P-OH signal (around 532 eV). 
Looking instead at the carbon region, the main signal is at 284.8, which 
is attributed to the C–C and C–H bonds that are always present on the 
surface of titanium due to the presence of hydrocarbon contaminants. 
These chemical bonds are also present in the α-TP molecule and, as 
expected, the related peak is higher on the coated CT sample (CT_coat
ing). The other two peaks present in the carbon spectra are associated 
with the C–O (286.3 eV) and C–O–C (286–287 eV) bonds [47]. The 
spectrum of the functionalized sample (CT_fun) is slightly shifted to the 
right due to the detection of the C–Ca signal [48]. According to the 
obtained data, it can be concluded that the result of the functionalization 

Fig. 5. ζ potential vs pH for CT, CT_coating, and CT_fun.  

Table 1 
Atomic percentage of the elements detected on CT, CT_fun, and CT_coating after 
XPS analysis.   

O C Ti P Ca Other 

CT 46.9 41.8 10.3 – – 1.1 
CT_fun 33.7 54.9 8 1.2 0.4 1.8 
CT_coating 15.7 79.3 – 2.3 0.4 2.3  
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process is the adsorption of Ca2+ ions by the acidic OH groups of the 
titanium oxide layer, linking a molecular layer of α-TP, bonded to the 
substrate through electrostatic attraction with the phosphate group of 
α-TP and exposing outwards the hydrocarbon tail. In the case of the 
coating, α-TP makes a thicker coating (<0.2 µm) exposing phosphate 
groups on the outermost layer. 

3.6. Contact angle 

As already reported, CT samples show a significant increase in sur
face wettability with respect to the polished surface, due to the presence 
of OH groups and nano-topography of the oxide layer created as a result 
of chemical treatment [49]. Regarding surfaces with α-TP, the func
tionalized sample (CT_fun) has a significantly higher contact angle than 
the coated one (CT_coating) (p < 0.05) as shown in Fig. 8. This can be 
explained by assuming that in the functionalized sample, the α-TP 
molecules use the phosphate group (–PO4

2− ) to create a bonding with the 
previous adsorbed Ca2+ ions, thereby exposing outwards the long hy
drophobic alkyl chain, in agreement with the previous data. On the 
other hand, the wettability of the the coated samples (CT_coating) is not 
significantly different from that of the CT sample (p > 0.05), in agree
ment with the exposition of the hydrophilic phosphate group. Both the 
CT and CT_coating surfaces can be considered hydrophilic, while the 
functionalized one is hydrophobic. Wettability is of great importance 
when considering biological response: it has been shown that osteoblasts 
are reluctant to adhere to surfaces that have a water contact angle >60◦

(or a surface free energy <40 mN/m) [50]. 

3.7. Biological evaluation 

3.7.1. Antibacterial activity 
Taken into consideration that bone represents the target tissue for 

the coated and functionalized specimens, Staphylococcus epidermidis 
(S. epidermidis) was considered as a reference strain due to its common 
involvement in orthopaedic and dental implant contamination [51,52]. 

Moreover, the selected strain (ATCC 14990) is certified as pathogen and 
biofilm former, so it was selected to verify the ability of the coating to 
prevent surface colonization and the subsequent 3D biofilm-like for
mation. Accordingly, specimens were processed with a direct infection 
of the surface to simulate bacterial colonization of the exposed implant. 
Results in Fig. 9a shows the metabolic activity of bacteria grown for 24 
hs onto mirror-polished and treated samples as control (MP and CT, 
respectively) and on functionalized and coated samples (CT_fun and 
CT_coating, respectively). Results are expressed in RFU (relative fluo
rescent units), and the MP specimens are considered as the control 
material. The process used to create the α-TP surface layer resulted as a 
key-point for the molecule efficacy: in fact, only the coating (CT_coat
ing) was effective in reducing the metabolic activity of bacteria in a 
significant manner in comparison to MP, CT samples, and the func
tionalized ones (Fig. 9a, p > 0.05indicated by #). Such inhibitory ac
tivity resulted in a 93(±6) % reduction of bacterial viability (Fig. 9b) 
when S. epidermidis colonies were seeded onto CT_coating surfaces in 
comparison to the MP control. As a confirmation of the inhibitory ac
tivity determined by α-TP after coating, when the number of viable 
colonies (CFU) adhered to the specimens’ surface was counted, a 
reduction >3 logs was observed between CT_coating and MP control 
specimens (Fig. 9c, p < 0.05 indicated by #). CT_fun prevented bacterial 
proliferation (the starting infection number is indicated by the dashed 
line in Fig. 9c), but reduced the final number of ≈1 log, thus failing an 
irrefutable antibacterial effect. Finally, SEM imaging was used to 
investigate bacterial morphology and aggregation (Fig. 9d). As ex
pected, from the previous results, the MP and CT surfaces showed a high 
degree of bacterial colonization and a frequent appearance of 3D 
biofilm-like aggregates (appreciable in the higher magnification im
ages). On the opposite, the CT_coating surfaces reported a low degree of 
contamination and only rare aggregates. The CT_fun results as less 
contaminated than the MP and CT ones, but more colonies (mostly 
single cells) were detected in comparison with the coated ones. There
fore, SEM imaging basically confirmed the Alamar and CFU results, 
confirming the very promising efficacy of α-TP deposited by the coating 

Fig. 6. Survey spectra for CT, CT_fun and CT_coating.  
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Fig. 7. High-resolution XPS spectra of C and O1s regions of CT, CT_coating, and CT_fun.  

Fig. 8. Contact angles measured on CT and on CT_coating (no significant statistical difference is indicated by *) and on the functionalized samples (CT_fun, p < 0,05, 
indicated by §). 
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method in preventing bacteria colonization of implantable metal 
devices. 

3.7.2. Cytocompatibility evaluation 
Ti-6Al-4V devices are mostly aimed at permanent bone replacement. 

So, tissue growth in tight contact with the device should be expected 
after implantation; progenitor and mesenchymal cells play a pivotal role 
in the formation of such tissue-device connections by firstly migrating to 
the injured site and then by differentiation into the mature bone lineage 

[53]. In fact, the first tissue-device sealing is crucial for the correct 
osteointegration avoiding tissue micro-fracture due to scaffold micro- 
displacements; therefore, the implanted device should improve or at 
least do not impar the migration and the following colonization of such 
cells. Following this principle, human mesenchymal stem cells (hMSC) 
were used to evaluate the cytocompatibility of the test materials coated 
or functionalized by α-TP. Fig. 10 shows the viability of hMSC cultured 
directly onto the surface of controls (MP and CT), functionalized, and 
coated samples (CT_fun and CT_coating, respectively) after 24 

Fig. 9. Antibacterial activity. (a) The α-TP coating method resulted as highly effective by significantly reducing the metabolic activity of adhered bacteria in 
comparison to the other specimens (#=p < 0.05). (b) The efficacy of the coating method determined a viability reduction of 93(±6) % with respect to the MP 
controls. (c) The count of the viable colonies (CFU) revealed a > 3 log reduction between the CT_coating and the MP controls. (d) SEM images confirmed the lower 
bacterial colonization degree for the CT_coating surfaces as well as the reduction of biofilm-like 3D aggregates. Bars represent means ± dev.st of replicates = 3. SEM 
images: low magnification = 1000x, bar scale = 10 μm; high magnification = 5000x, bar scale = 1 µm. 

Fig. 10. Cytocompatibility evaluation. (a-c) hMSC metabolic activity was significantly reduced over time by the presence of the α-TP in both CT_fun or CT_coating 
with respect to MP and CT controls (p < 0.05 indicated by § and #). (d) However, results reported as lines in function of time suggested mostly a delayed proliferation 
rather than a toxic effect since values did not decrease over time in CT_fun and CT_coating. (e) Fluorescent images revealed that cells cultivated onto CT_coating hold 
a morphology comparable to the MP and CT controls even if with a lower density, whereas cells were mostly round shaped on CT_fun. Bars represent means ± dev.st 
of replicates = 3. Fluorescence images: red = cytoskeleton (phalloidin), blue = nuclei (DAPI), bar scale = 100 μm. 
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(Fig. 10a), 48 (Fig. 10b) and 72 h (Fig. 10c) by means of their metabolic 
activity evaluation that was expressed as RFU. The results showed an 
increase in viability at the different time points for the control samples 
(MP and CT), while the cells seeded onto CT_fun and CT_coatin showed a 
significant decrease in comparison to the controls from day 2 of culti
vation (Fig. 10b–c # and § p < 0.05 vs MP controls). However, looking at 
the results reported as lines in function of time in Fig. 10d, it can be 
speculated that the cells onto the α-TP doped surfaces are not induced to 
an apoptotic phase, since the values did not decrease with respect to the 
first time-point of 24 h, as can be expected by a cytotoxic effect. It looks 
pretty that they are slower to grow with respect to the MP and CT 
controls where the increase in terms of metabolism is faster (appreciable 
already at 48 h, Fig. 10b) and continuous over days. 

Moreover, an important difference between the coated and func
tionalized samples can be observed by analyzing the images obtained 
from fluorescence staining of the cytoskeleton and nuclei (Fig. 10e). The 
morphology of the cells seeded onto the CT_coated sample resulted as 
elongated and flat, thus being comparable to the ones adhered and 
spread onto MP control and CT as well. In fact, the deposition of 
lamellipodia through the processes of actin filament polymerization and 
branching is also clearly visible on the coated surface. On the other 
hand, the cells found CT_fun sample did not display a correct 
morphology: in fact, they are small, rounded, and not interconnected to 
each other. These results are in line with what was expected: cells 
resulted as more prone to adhere to the hydrophilic CT_coating surfaces, 
whereas, on the opposite, they did not successfully colonize surfaces 
with a contact angle >60◦, as it is for the functionalized surfaces of the 
CT_fun specimens. 

So, taken in consideration the aim of this preliminary evaluation 
aimed at the evaluation of the safety of the doped surfaces, results 
related to the coating specimens can be considered as promising even if 
further evaluations are still necessary to verify if the specimens will be 
able to confirm the same cytocompatibility in a real physiological 
environment in contact with bone. 

4. Conclusions 

This paper presents a novel application of α-TP (α-tocopheryl phos
phate), a water-soluble form of vitamin E with proven antibacterial 
properties. The goal was to graft the α-TP molecule onto the surface of 
chemically treated Ti6Al4V alloy to obtain surfaces for bone contact 
devices that could actively reduce the risk of bacterial infection. 
Accordingly, on the CT surface, the molecule was successfully applied 
both in the form of a grafted molecular layer (functionalization) and as a 
thin coating (<0.2 µm thick). Physico-chemical characterizations of the 
functionalized and coated samples were carried out in parallel to study 
their similarities and differences and to understand which one might be 
more successful in a future medical application. The studies performed 
demonstrated the presence of the α-TP molecule as a continuous layer 
that does not cover the topography of the substrate, thus not altering its 
pro-osteogenic properties, on both surfaces. It is a thinner and hydro
phobic molecular layer on the functionalized surface, while it is thicker, 
hydrophilic, and rich in phosphate groups in the outermost layer when a 
coating is formed. The biological tests confirmed very promising anti
bacterial properties of α-TP and the lack of evident toxic effects in both 
cases at least at this preliminary in vitro stage in direct contact with 
human mesenchymal stem cells. In particular, the coating appears to be 
more promising due to its higher antibacterial effect and cell adhesion. 
In this sense, the coating can be thought for permanent implant appli
cations, with antibacterial properties. However, a more in-depth study 
on the stability of the coating and its release kinetics needs to be carried 
out in the future as well as the delayed cells growth should be considered 
to render such surfaces more cells friendly. 
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[43] D. Krilov, M. Kosović, K. Serec, Spectroscopic studies of alpha tocopherol 
interaction with a model liposome and its influence on oxidation dynamics, 
Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 129 (2014) 588–593, https:// 
doi.org/10.1016/j.saa.2014.03.087. 

[44] P.G. Rouxhet, M.J. Genet, XPS analysis of bio-organic systems, Surf. Interface Anal. 
43 (12) (2011) 1453–1470, https://doi.org/10.1002/sia.3831. 

[45] M. Birringer, Analysis of vitamin E metabolites in biological specimen, Mol. Nutr. 
Food Res. 54 (5) (2010) 588–598, https://doi.org/10.1002/mnfr.200900457. 

[46] A. Nina Adden, Lara J. Gamble, David G. Castner, Andrea Hoffmann, Gerhard 
Gross, H. Menzela, Phosphonic Acid Monolayers for Binding of Bioactive Molecules 
to Titanium Surfaces 22(19) (2008) 8197–8204. doi: 10.1021/la060754c. 
Phosphonic. 

[47] B.V. Crist, Demo version (87 pages) PDF handbooks of monochromatic XPS spectra 
volume 1 – the elements and native oxides (for Ag-Au), Elements 1 (March) (1999). 

[48] G. Riccucci, M. Cazzola, S. Ferraris, V.A. Gobbo, M. Guaita, S. Spriano, Surface 
functionalization of Ti6Al4V with an extract of polyphenols from red grape 
pomace, Mater. Des. 206 (2021), 109776, https://doi.org/10.1016/j. 
matdes.2021.109776. 

[49] S. Ferraris, S. Spriano, G. Pan, A. Venturello, C.L. Bianchi, R. Chiesa, M.G. Faga, 
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