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Abstract: A chemically-treated titanium alloy (Ti6Al4V) surface, able to induce hydroxyapatite
precipitation from body fluids (inorganic mineralization activity), was functionalized with a
polyphenolic extract from green tea (tea polyphenols, TPH). Considering that green tea polyphenols
have stimulating effects on bone forming cells (biological mineralization), the aim was to test
their osteoinductive behavior due to co-operation of inorganic and biological mineralization on
mesenchymal stem cells KUSA A1. The functionalized surfaces were characterized by using the
Folin–Ciocalteu method and X-ray photoelectron spectroscopy to confirm the successful outcome
of the functionalization process. Two cell cultures of mesenchymal stem cells, KUSA A1 were
performed, with or without osteoinductive factors. The cells and surfaces were characterized for
monitoring cell viability and hydroxyapatite production: Fourier Transform Infrared Spectroscopy
and Raman spectroscopy analyses showed deposition of hydroxyapatite and collagen due to the
cell activity, highlighting differentiation of KUSA A1 into osteoblasts. A higher production of
extracellular matrix was highlighted on the functionalized samples by laser microscope and the
fluorescence images showed higher viability of cells and greater presence of osteocalcin in these
samples. These results highlight the ability of polyphenols to improve cell differentiation and to
stimulate biological mineralization, showing that surface functionalization of metal implants could
be a promising way to improve osteointegrability.
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1. Introduction
Natural polyphenols extracted from plants have attracted increasing interest in recent years,
not only in folk medicine, but also within the scientific community. Polyphenols are molecules
derived from the secondary metabolism of plants and their effects on human health are widely
reported in literature. They can be obtained from abundant natural sources and even from byproducts
of the food/beverage industry with low costs, thereby using local resources in a sustainable way.
The leaves of the tea plant (Camellia Sinensis), consumed in China for over 5000 years [1], are rich
in extractable polyphenols which make up around 10–15% of the weight of the plant and more in
specific flavan-3-ols, commonly named catechins [2,3]. They have anti-inflammatory, antioxidant,
anticancer, and antibacterial effects [1,2,4,5], as well as effects on bone health by improving osteoblast
mineralization and differentiation [6,7]. However, the effects of polyphenols are dose dependent and
their bioavailability is a crucial issue. A large quantity of polyphenols ingested by diet cannot overcome
the intestinal wall [8] and some studies demonstrate that digestion and metabolism of these molecules
alter their biological properties [9–11], which is why local dosing of these drugs is of great interest.
Surface functionalization of materials for bone contact applications could represent a promising way
to stabilize polyphenols and administer them in loco in order to improve osteointegrability.
Despite extensive research on the biological properties of pure polyphenols molecules and their
natural mixtures, few attempts to couple these kinds of substances with inorganic materials are reported
in the literature. Natural polyphenols and pyrogallol have been coupled with steel surfaces [12]; rutin
was absorbed on MCM-41 mesoporous silica nanoparticles [13] and resveratrol, quercetin, benzoic,
caffeic, coumaric, ferulic and syringic acids were used for the functionalization of nanoparticles
with the use of synthetic spacers [14–16]. Preliminary experimentation has been performed to
couple polyphenols with titanium oxide layer using gallic acid esters [17], natural polyphenols
and pyrogallol [12], molecules isolated from potatoes and apples [18], quercetin [19], lignin [20]
and flavonoids [21]. It is of great interest to use biomaterials with inorganic bioactive behavior
(hydroxyapatite spontaneous precipitation from ions in body fluids) as substrates for functionalization,
in order to combine biological and inorganic mineralization abilities on the same surface. Silica-based
bioactive glass and ferromagnetic bioactive glass were functionalized with polyphenols extracted
from red grape skins and green tea leaves in previous works by the authors [22–26]. The effects
of functionalization with polyphenols on bioactive glasses against cancer cells and with respect to
antioxidant activity were already proved in a previous work by the authors [22]. The present paper is
focused on the functionalization of a metal substrate and on its biological mineralization ability.
Ti6Al4V, a titanium alloy is widely used in dentistry (implants, miniplates and mini-screws) [27–29]
and for the component of joint prosthetic implants that is in contact with bone [30,31]. For these
applications, osteointegration is crucial and for this reason this material was selected as substrate for
the functionalization.
The aim of the present research is to use natural extracts of green tea leaves for surface
functionalization of a titanium alloy (Ti6Al4V), which has been chemically pre-treated. The chemical
pre-treatment enriches the surface of the titanium alloy in hydroxyl groups, which allow surface
functionalization and induces a bioactive behavior (spontaneous precipitation of hydroxyapatite from
inorganic body fluids) [32,33]. The aim of the research is to obtain enhanced osteointegration by
enriching this surface with polyphenols in order to get a synergistic action of inorganic and biological
mineralization for bone healing. This treatment is designed for dental implants and osteo-integrable
joint prosthetic components. In this work, the effects of functionalization with polyphenols were
tested on mesenchymal stem cells, KUSA A1. After functionalization, the presence and activity of
the polyphenols on the surface of the titanium alloy were checked by means of X-ray photoelectron
spectroscopy analysis and spectroscopic analysis with the Folin–Ciocalteu test. After establishing
a successful outcome for the functionalization procedure, the cell cultures were performed on the
surface of the samples with or without the addition of further osteo-inductive agents and the cells
were characterized by means of Fourier Transform Infrared Spectroscopy, RAMAN spectroscopy and
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fluorescence microscopy analysis. The formation of an extracellular matrix by cells was quantitatively
investigated by laser microscope.
2. Results
2.1. Detection of Polyphenols
Photometric measurements were performed on the functionalized samples with the
Folin–Ciocalteu method and an amount of 1.1 × 10−3 ± 1 × 10−4 mg/mL gallic acid equivalent
was found on the samples after the functionalization procedure. Catechins are the main category of
polyphenols in green tea. A detailed analysis of the quantification of the different polyphenols present
in the extract is still ongoing.
The effect of functionalization was also checked by X-ray photoelectron spectroscopy (XPS)
analysis with the acquisition of both the survey spectra, for quantitative chemical analysis,
and high-resolution spectra of the carbon and oxygen regions, in order to investigate the exposed
functional chemical groups. The atomic percentages of the elements revealed on the chemically-treated
titanium alloy samples (named CT) and on the CT samples functionalized with TPH (named CT +
TPH) samples are reported in Table 1.
Table 1. The atomic percentages of the elements detected on the surface of samples CT + TPH and CT
by X-ray photoelectron spectroscopy (XPS) survey analyses (Uncertainty of measurements 0.1–0.2% at).
Samples

Elements [% at]
C
O
P
Ca
N
F
Ti

CT

CT+TPH

20.7
60.7
2.3
16.3

76.6
20.3
0.9
0.5
0.8
0.5
0.4

First, in Table 1 it can be observed that the amount of Ti on the surface drops close to zero
after functionalization. A certain amount of carbon was also detected on the CT samples (before
functionalization); this could be associated with the unavoidable hydrocarbon contamination [34,35].
On the other side, the percentage of carbon on the surface of the sample CT + TPH increased
significantly (4 times). Oxygen was present on the surface of the CT samples, while it was lower on the
functionalized samples. Calcium was also present on the surface of the CT + TPH samples, coming
from the simulated body fluid (SBF).
In order to detect the specific chemical groups exposed on the surfaces, high-resolution spectra of
the carbon C1s and the oxygen O1s regions were recorded, as reported in Figure 1.
In the high-resolution spectra of carbon (Figure 1a) of both the samples, the peaks at 284.69 eV
(CT sample) and 284.73 eV (CT + TPH sample) can be ascribed to C-C and C-H bonds [32]. There are
another two peaks at 285.97 − 286.19 eV and 288.76 − 288.71 eV, which can be correlated to C-O and
C=O groups, respectively [36–38]. A clear difference between the bare and the functionalized samples
is visible in the oxygen region (Figure 1b).
For the CT samples, two peaks are present at 530.44 eV and at 532.49 eV and these can be
correlated with the Ti-O bond of the titanium oxide and with the –OH groups exposed by the surface
titanium oxide layer after the chemical treatment, respectively [33,34,39]. On the spectrum of the
sample CT + TPH, there are three peaks at 530.08 eV, 531.05 eV and 532.81 eV. These peaks can be
correlated with aromatic C=O [40], with C-O bonds and O=C-OH [39,40] and with –OH groups of the
polyphenols [23,25,39], respectively.
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2.2. Cell Culture Characterization
2.2. Cell Culture Characterization
FTIR spectra acquired of the samples CT and CT + TPH, after the culture of KUSA A1 cells with
FTIR spectra acquired of the samples CT and CT + TPH, after the culture of KUSA A1 cells with
the normal medium (NORM) or with the medium with the osteoinductive factors (OF), are reported
the normal medium (NORM) or with the medium with the
osteoinductive factors (OF), are reported
in Figure 2a,b, respectively, in the range between 400 cm−1 and 4000 cm−1. Two significant regions are
in Figure 2a,b, respectively, in the range between 400 cm−1 −1and 4000 cm−1 . Two significant regions
highlighted by the blue rectangle between 400 and 1100 cm and
by the red rectangle between 2700
are highlighted
by−1the blue rectangle between 400
and 1100 cm−1 and by the red rectangle between
−1 is due to absorption of the atmospheric CO2 [41].
cm−1 and
3600
cm
.
The
peak
around
2500
cm
2700 cm−1 and 3600 cm−1 . The peak around3−2500 cm−1 is due to absorption of the atmospheric
Signals from both protein vibrations and PO4 vibrations
of hydroxyapatite (HAp) were detected
CO2 [41]. Signals from both
protein vibrations and PO4 3− vibrations of hydroxyapatite (HAp)
were
between 400 and 760 cm−1 [38] (see
the
blue
rectangle).
The
bands
between 960 and 1100 cm−1 are due
−1
detected between 400 and 760 cm−1 [38] (see the blue rectangle). The bands between
960
and
1100
cm
−1 are
to the deposition of hydroxyapatite (Figure 2a) [42]. The bands at 1540 cm−1−1and 1645 cm−
1
are due to the deposition of hydroxyapatite−1 (Figure 2a)
[42]. The bands at 1540 cm and 1645 cm are
correlated with Amide I and II (1540 cm
, 1645 cm−−11) [43] and show the different behavior between
−
1
correlated with Amide I and II (1540 cm , 1645 cm ) [43] and show the different behavior between
the two different surfaces.
the two different surfaces.
For the spectra of the samples CT and CT + TPH cultured with osteoinductive factors (Figure
For the spectra of the samples CT and CT + TPH cultured with osteoinductive factors (Figure 2b),
2b), the signals in the zones of interest were still present, but there were no significant differences
the signals in the zones of interest were still present, but there were no significant differences between
between the samples CT and CT + TPH.
the samples CT and CT + TPH.
Deposition of hydroxyapatite was also investigated by means of RAMAN spectroscopy and the
results are reported in Figure 3.
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Figure 2. FITR spectra of the samples CT and CT + TPH cultured with (a) the normal medium, (b) the

Figure 2. FITR spectra of the samples CT and CT + TPH cultured with (a) the normal medium, (b) the
medium with the osteoinductive factors. Two zones of interest are highlighted with the blue rectangle
medium
with400
theand
osteoinductive
Two
zones of
interest
arecm
highlighted
with
−1 and 3600 cm
−1. the blue rectangle
between
1100 cm-1 andfactors.
by the red
rectangle
between
2700
between 400 and 1100 cm−1 and by the red rectangle between 2700 cm−1 and 3600 cm−1 .
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Deposition of hydroxyapatite was also investigated by means of RAMAN spectroscopy and the
results are reported in Figure 3.

Figure 3. RAMAN spectra of samples CT and CT + TPH cultured with (a) the normal medium, (b) the

Figure
3. RAMAN spectra of samples CT and CT + TPH cultured with (a) the normal medium, (b) the
medium with the osteoinductive factors.
medium with the osteoinductive factors.

The bands of interest, due to the vibration of hydroxyapatite, are between 900 and 1000 cm−1 [44],
[45]. In Figure 3a, for the samples cultured in the normal medium, bands are barely visible on the CT
sample, while they are well present on the spectrum of the sample functionalized with polyphenols.
It is also possible to deconvolute the bands into two peaks at 940 cm−1 and 960 cm−1, numbered as 1
and 2 in Figure 3, which are respectively correlated with the vibration of amorphous HAp and
crystalline HAp [44–47].
Another important feature, clearly visible in the spectrum, is the presence/absence of
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The bands of interest, due to the vibration of hydroxyapatite, are between 900 and 1000 cm−1 [44,45].
In Figure 3a, for the samples cultured in the normal medium, bands are barely visible on the CT sample,
while they are well present on the spectrum of the sample functionalized with polyphenols. It is also
possible to deconvolute the bands into two peaks at 940 cm−1 and 960 cm−1 , numbered as 1 and 2
in Figure 3, which are respectively correlated with the vibration of amorphous HAp and crystalline
HAp [44–47].
Another important feature, clearly visible in the spectrum, is the presence/absence of
phenylalanine bands at 1004 cm−1 [44] numbered as 3 in Figure 3. This is clearly visible in the
samples treated with osteoinductive factors while it is absent or not clear in the others. Another
interesting feature of the spectra concerns the band at 1035 cm−1 [44] numbered as 4, which is related
to vibrational modes of phenylalanine and collagen compounds.
In Figure 4, the volume of the extracellular matrix detected on the surfaces of the samples
cultured with the normal medium and with the osteoinductive factors is reported. The presence of the
osteoinductive factors enhances the deposition of extracellular matrix for both the CT and CT+TPH
samples, but with both types of culture, the presence of the polyphenols allows KUSA A1 to deposit a
higher
amount of extracellular matrix.
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Figure 4. Extracellular matrix quantification on the surface of the samples CT and CT + TPH after the

Figure
Extracellular
on the
the osteoinductive
surface of thefactors
samples
and
cell4.culture
with thematrix
normalquantification
medium and with
(p <CT
0.01
(*)).CT + TPH after the
cell culture with the normal medium and with the osteoinductive factors (p < 0.01 (*)).

Figure 5 shows the fluorescence images of the samples cultured with KUSA A1. The analysis
used
probe
for cell nucleus
(DAPI),
red
for dead
cells (PI)
green
osteocalcin
Figurea 5blue
shows
the fluorescence
images
of the
samples
cultured
withand
KUSA
A1.for
The
analysis used
(Hoechst33342).
a blue probe for cell nucleus (DAPI), red for dead cells (PI) and green for osteocalcin (Hoechst33342).
The nuclei of the cells are marked in blue and a high presence of cells is visible on all the samples.
The nuclei of the cells are marked in blue and a high presence of cells is visible on all the samples.
The green probe, which shows the presence of osteocalcin, highlights the differentiation of the KUSA
The green
probe,
whichand
shows
presence
of osteocalcin, by
highlights
the differentiation
KUSA
A1 into
osteoblasts
the the
deposition
of hydroxyapatite
cells themselves.
This proteinofisthe
well
A1 into
osteoblasts
and
the
deposition
of
hydroxyapatite
by
cells
themselves.
This
protein
is
present on the surface of the CT samples and it is deposited around the cells (Figure 5a). For the CT well
present
on the
surface
the CTofsamples
and
is deposited
around
the cells (Figure
+ TPH
samples,
theof
amount
osteocalcin
is it
higher
and it seems
to continuously
overlay5a).
the For
cells.the
In CT +
TPH samples,
thethe
amount
of cultured
osteocalcin
is the
higher
and it seems
to continuously
the is
cells.
the case of
samples
with
osteoinductive
media
(Figure 5b), overlay
osteocalcin
wellIn the
present,
but it is cultured
accumulated
in the
one osteoinductive
zone in the case media
of the bare
sample
and
well dispersed
on present,
the
case of
the samples
with
(Figure
5b),
osteocalcin
is well
sample
functionalized
with
polyphenols.
Regarding
the
red
probe,
which
marks
the
nuclei
of
but it is accumulated in one zone in the case of the bare sample and well dispersed on the the
sample
dead cells, with
a reduction
of apoptosis
is visible
for probe,
the samples
with of
polyphenols
functionalized
polyphenols.
Regarding
the red
whichfunctionalized
marks the nuclei
the dead cells,
compared to the bare samples, in the case of the cultures both with and without the osteoinductive
a reduction of apoptosis is visible for the samples functionalized with polyphenols compared to the
factors.

bare samples, in the case of the cultures both with and without the osteoinductive factors.
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Figure 5. Fluorescence images performed using blue probe for cell nucleus (DAPI), Red probe for
Figure 5. Fluorescence images performed using blue probe for cell nucleus (DAPI), Red probe for
dead cells (PI) and green probe for osteocalcin (Hoechst33342). The images were performed at 20 ×
dead cells (PI) and green probe for osteocalcin (Hoechst33342). The images were performed at 20 ×
magnifications; (a) reports the results of the samples cultured with the normal medium and (b) shows
magnifications; (a) reports the results of the samples cultured with the normal medium and (b) shows
the results of the medium cultured with the osteoinductive factors.
the results of the medium cultured with the osteoinductive factors.

3. Discussion
3. Discussion
3.1. Detection of Polyphenols
3.1. Detection of Polyphenols
The photometric measurements with the Folin–Ciocalteu test confirm the presence of the
The photometric measurements with the Folin–Ciocalteu test confirm the presence of the
polyphenols on the surface of the samples, as well as the maintenance of their redox activity after
polyphenols on the surface of the samples, as well as the maintenance of their redox activity after
grafting, and the result is similar to the one found in a previous work regarding functionalization
grafting, and the result is similar to the one found in a previous work regarding functionalization with
with gallic acid [48]. The formation of a continuous layer of TPH biomolecules grafted on the surface
gallic acid [48]. The formation of a continuous layer of TPH biomolecules grafted on the surface of the
of the samples is also suggested by the XPS elemental analysis which showed a very low amount of
samples
is also
suggested
by the XPS
elemental
which showed
a very
amount
of Ti visible
Ti visible
on the
functionalized
samples
(Tableanalysis
1). Accordingly,
even if
somelow
carbon
contamination
on
the
functionalized
samples
(Table
1).
Accordingly,
even
if
some
carbon
contamination
is
is observed on CT samples, as widely reported in the literature for reactive titanium surfaceobserved
[34,35],
on
samples,
widely
in the
literature
forassociated
reactive titanium
surface
[34,35],
the increase
theCT
increase
in as
carbon
onreported
CT + TPH
samples
can be
with the
presence
of polyphenols
ingrafted
carbontoon
+ TPHas
samples
can
be associated
with the
presence
theCT
surfaces,
has been
observed
in a previous
work
[48]. of polyphenols grafted to the
surfaces,
as
has
been
observed
in
a
previous
work
[48].
The presence of a significant amount of oxygen on the surface of the CT samples is due to the
The presence
of layer
a significant
amount
oxygen
surface
of the
CT
samples
due to
presence
of an oxide
that is thicker
thanofthe
nativeon
onethe
(about
300 nm)
and
rich
in –OHisgroups.
the
presence
of
an
oxide
layer
that
is
thicker
than
the
native
one
(about
300
nm)
and
rich
in
For the functionalized samples, the much smaller amount of oxygen could be correlated with–OH
the
groups.
functionalized
samples,
the surface
much smaller
amount
oxygen
could of
be carbon
correlated
presenceFor
of the
polyphenols
on the
outermost
layer, in
whichofthe
percentage
is
with
the presence
of polyphenols
the outermost
surface
layer,
which the
percentage
of carbon
significantly
higher
than oxygen,on
instead
of titanium
oxide.
The in
presence
of calcium
on the
surfaceis
significantly
higher
than oxygen,
instead ofconsidering
titanium oxide.
The presence
of calcium
on the surface
of the CT + TPH
samples
can be explained
that TPH
grafting has
been performed
in SBFof
the
CT
+
TPH
samples
can
be
explained
considering
that
TPH
grafting
has
been
performed
SBF
solution (which contains Ca ions) and that polyphenols are able to bind calcium [23,49]. The Ca2+inions
solution
(which
Casubstrate
ions) and
that
are able to
calcium
[23,49].
The Ca2+
are supposed
to contains
bridge the
and
thepolyphenols
grafted biomolecules,
in bind
fact, as
supposed
in a previous
work [48], the grafted polyphenols form heterogeneous ternary complexes with Ca2+ ions. However,
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ions are supposed to bridge the substrate and the grafted biomolecules, in fact, as supposed in a
previous work [48], the grafted polyphenols form heterogeneous ternary complexes with Ca2+ ions.
However, in this case the detectable amount of calcium is lower than in the previous work because
of the larger size of the tea polyphenols used in this case with respect to gallic acid, which can hide
calcium detection from XPS analyses.
The three peaks observed in the high-resolution spectrum of the carbon region (Figure 1a) can be
attributed to the presence of surface contaminants on the CT sample, as mentioned above and which is
widely reported in the literature concerning titanium surfaces [34,35]. On the other hand, for the CT +
TPH sample, the same signals around 286 eV and 288 eV show a higher intensity with respect to C-C
and C-H bonds and can be correlated to the presence of polyphenols. In fact, these molecules are rich
in C-O and C=O bonds [23,25].
For the high-resolution spectrum of the oxygen region for the CT sample, two peaks are present;
530.44 eV, due to Ti-O bonds and 532.49 eV, due to Ti-OH bonds, and are abundantly exposed with
the chemical treatment. For the CT + TPH samples it is possible to observe three peaks in Figure 1b:
530.08 eV, 531.05 eV and 532.81 eV. In this case the first contribution cannot be attributed only to the
Ti-O, because of the very low amount of Ti detected on this sample (0.4% from the survey spectrum,
Table 1), while it can be correlated also with aromatic C=O [40], which are abundant in polyphenols.
The peak at 531.05 eV can be correlated with C-O bonds and O=C-OH [39,40] and the peak at 532.81 eV
can be attributed to the –OH groups, which are not only present on the oxide layer, but are abundant in
polyphenols [23,39,40]. Contrary to previous observations of bioactive glasses [23] no shift in the OH
signal was detected after polyphenols grafting, as previously observed on gallic acid functionalized
CT samples [48].
The results obtained by means of spectroscopic analysis with the Folin–Ciocalteu method and
XPS confirm the success of the functionalization with the green tea polyphenols on the surface of the
chemically treated titanium alloy.
3.2. Cell Culture Characterization
The FTIR analysis performed on samples after the cell cultures shows some differences between
the cell behavior on CT and CT + TPH samples. In particular, for the spectra of the samples CT and CT
+ TPH cultured without osteoinductive factors, some clear differences can be observed. The bands
between 960 and 1100 cm−1 (Figure 2a) due to the deposition of hydroxyapatite [44] are both slightly
higher in the spectra of the CT + TPH samples in the case of the samples cultured in a normal medium
(Figure 2a). Also, the bands of Amide I and II (1540 cm−1 , 1645 cm−1 ) [43] show the different behavior
of the two different surfaces. The samples functionalized with polyphenols have higher bands intensity
indicating an increase of protein constituents (mainly type I collagen [50]). These features suggest that
polyphenols increase the deposition of protein compounds of the collagen matrix. The bands in the red
box between 2800–3000 cm−1 due to C-H stretching in proteins, vibrational modes of CH2 stretching
of lipids related to collagen formation [44] and between 3000–3600 cm−1 due to the absorbance of O-H
stretching in water and organic components [44] are clearly more intense for the samples functionalized
with the polyphenols in the culture without osteoinductive factors. According to these two portions of
the spectra, it can be concluded that the mesenchymal stem cells were differentiated into osteoblasts
able to produce hydroxyapatite thanks to the stimulation of the substrate of the culture. Moreover,
the effect of the polyphenols in increasing the production of collagen, mineralized and non-mineralized
extracellular matrix is also evident [42,49–53]. For the spectra of the samples CT and CT + TPH cultured
with osteoinductive factors (Figure 1b), no clear differences could be observed probably because the
effect of polyphenols is hidden by the strong actions of the osteoinductive factors.
The Raman spectroscopy analyses performed in order to investigate the deposition of
hydroxyapatite confirm the previous results obtained with FTIR for the cell culture without
osteoinductive factors (Figure 3a) and suggest a higher deposition of hydroxyapatite on the CT + TPH
sample. Also, observing the two peaks (1,2), CT + TPH has two peaks with the same intensity due to
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amorous and crystalline HAp, which highlights a comparable amount of amorphous and crystalline
hydroxyapatite: however, in the case of the CT sample a significant deconvolution cannot be obtained
because of the low intensity of the band due to a low deposition of HAp. In the case of the samples
cultured with the osteoinductive factor, the band of hydroxyapatite is clearly visible for both the bare
and the functionalized samples with the same intensity ratio (about 1.5) of crystalline/amorphous
hydroxyapatite. Comparing the spectra of CT and CT+TPH, it can be observed that, for the CT + TPH
sample the intensity of the band is higher. This phenomenon can be correlated with the polyphenols’
osteoinductive effect in synergy with the effect of the osteoinductive factors, in accordance with
the behavior observed in the normal medium. The peak due to phenylalanine (1004 cm−1 ) [44]
(Figure 3), numbered as 3, is commonly used as a cellular viability indicator. It is a little higher in the
titanium alloy sample functionalized with polyphenol, confirming the FITR analysis and suggesting
the positive influence of polyphenols on cell response. Also, the band numbered as 4 at 1035 cm−1 ,
due to phenylalanine and collagen compounds [40], is clearly observed on the samples treated with
osteoinductive factors and the signal is higher for the samples functionalized with polyphenols, again
confirming that polyphenols improve cellular response and differentiation.
The analyses with laser microscope (Figure 4) of the amount of extracellular matrix produced
by KUSA A1 on the surface of the samples of CT + TPH substrates compared to the CT substrates,
also highlighted the stimulating effect that the polyphenols have on the cells.
Fluorescence microscopy observation of cells cultured on CT and CT + TPH samples after staining,
evidence an up-regulation of osteocalcin (Figure 5). This up-regulation is in agreement with the
literature [54]. It is reported, that this effect can be combined with promotion of differentiation of the
osteoblast through the RunX2 transcription activity [55] and the upregulation of the related genes.
As reported, the differentiated osteoblast show a higher expression of bone morphogenic proteins
and alkaline phosphatase with an improvement in mineralization [6]. An increase in the production
of collagen 1α1 is also possible [7] in a similar way as was observed in the FTIR analysis in Figure 2.
Polyphenols showed the ability to improve mineralization and osteoblast differentiation, suggesting
their potential application as osteopromotive factors while avoiding the side effects and the cost of
other osteoinductive factors, such as grown factors [56].
The outcomes of the present report are promising, but in future, Randomized controlled trials are
needed in order to confirm the in vitro results of the present report.
4. Materials and Methods
4.1. Polyphenols Extraction
Polyphenols used for functionalization were extracted from green tea leaves (Longjing,
manufactured in Hangzhou, China). Extraction was performed as described in [23] with a conventional
solvent extraction procedure in a solution of 80% ethanol in water (1 h at 60 ◦ C and 120 rpm).
The natural polyphenols extracted from green leaves were named TPH.
4.2. Surface Functionalization
Disks of Ti6Al4V alloy (2 mm thick, 10 mm in diameter, ASTM B348, Gr5, Titanium Consulting
and Trading, Milan, Italy) were cut from a cylindrical bar with an automatic cutter (Struers Accutom
5, Struers, Ballerup, Denmark). The samples were polished with SiC abrasive paper up to 4000 grit.
After polishing, the samples were washed for 5 min in acetone in an ultrasonic bath and then washed
three times in ultrapure water for 5 min using an ultrasonic bath. After washing, the samples were
dried at room temperature. In order to induce bioactive behavior, to make the surface suitable for the
functionalization with a high presence of hydroxyl groups and to obtain a micro and nano-structured
oxide on the surface (Sa ∼
= 15 nm), a patented chemical treatment was applied [57]. The chemical
treatment consisted of hydrofluoric acid etching and subsequent controlled oxidation in hydrogen
peroxide [32,33]. After the chemical treatment and immediately before functionalization, the samples
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were exposed for 1h at UV irradiation in order to improve the chemical reactivity of the surface.
The samples described above were named “chemical-treated” (CT) from now on. The CT samples
were then functionalized in clean conditions with TPH, putting the samples in 5 mL of the solution of
functionalization for 3 h at 37 ◦ C in a holder covered with aluminum in order to avoid UV degradation
of the molecules. Stock solution with concentration 1 mg/mL of solute was obtained dissolving 100 mg
of TPH in 100 mL of simulated body fluid (SBF) solution prepared according to the protocol described
by Kokubo [58] and stirred for 1 h. After 1 h, the solution was filtered with a 0.2 µm filter in order
to avoid bacterial contamination. All the procedures were performed under a laminar flow cabinet
(FASTER CYTOSAFE). The concentration of reactive polyphenols detected in the source solution of
functionalization prepared with a 1 mg/mL concentration was 0.54 ± 0.01 mg/mL GAE equivalent.
The extract was not purified and contains a mixture of polyphenols, but the presence of mineral salts is
also possible.
After 3 h of functionalization, the samples were washed 2 times in sterile double distilled water,
dried under laminar flow and then preserved in the dark into sterile holders. The functionalized
samples were named CT + TPH.
4.3. Detection of the Polyphenols
The presence of the grafted green tea polyphenols was detected on the surfaces by means
of spectrophotometric analysis (CARY 500 Varian, Agilent, Santa Clara, CA, USA) with the
Folin–Ciocalteu method and of X-ray photoelectron spectroscopy analysis (XPS, PHI 5000 Versaprobe,
Physical Electronics, Chanhassen, MN, USA). The Folin–Ciocalteu method employed was adapted
to solid samples as described in [25,59]. This method determines the redox reactivity of the phenolic
compounds and obtains the amount of active molecules grafted on the surface of the samples.
The samples were functionalized as described in [25]. The amount of polyphenols was quantified
through a calibration curve obtained as described in [60]. This curve quantifies the amount of
polyphenols in gallic acid equivalents [mg/mL] by using the fitting equations derived from data
(y = 21.715x − 0.0088) with a coefficient of correlation R2 = 0.9999. This analysis was performed
in triplicate.
As far as XPS analyses are concerned, both survey and high-resolution spectra (carbon and
oxygen regions) were performed in order to quantify the elements on the surface and to identify the
characteristic chemical groups.
4.4. Cell Culture
Two different cell cultures were performed, one with a normal medium (NORM) and one with the
addition of osteoinductive factors (OF). In both the cultures, the cells used were KUSA A1, cultured for
one week on the sample surfaces with two changes of medium. The normal medium was composed of
DMEM (D-glucose, L-glutamine, phenol red, and sodium pyruvate), 10% FBS (Fetal Bovine Serum)
with SNP (sodium nitroprusside) (2%). The culture with the osteoinductive factor was performed with
50 mg/mL of ascorbic acid, 10 mM b-glycerol phosphate, 100 mM hydrocortisone, 10% FBS added to
4.5 g/L of glucose DMEM. After culture, the cells were fixed on the samples with 4% formaldehyde
for FTIR, RAMAN and Laser microscope analysis.
For the fluorescent microscope, the protocol of immunostaining was applied after the culture.
The disks were removed from the medium and washed twice in PBS, after they were fixed with 4%
formaldehyde (for 15 min at room temperature) and washed again twice with in phosphate buffered
saline solution (PBS). Then, the primary antibody was added and incubated at room temperature for
30 min and at the end washed twice in PSB. Then, the staining solution containing mixed Hoechst33342,
PI and DAPI and secondary antibody Goat anti IgG FITC conjugate was added and incubated for
30 min at room temperature in the dark. Finally, the samples were again washed twice in PBS and
dried at room temperature [59].
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4.5. Cell Culture Characterization
Fourier Transform Infrared Spectroscopy (FTIR JASCO 4000, Jasco, Tokyo, Japan) analysis was
performed on the surface of the CT and CT + TPH samples after the two different types of culture in
order to investigate the viability and differentiation of the cells and the deposition of the hydroxyapatite
in the presence of polyphenols.
RAMAN analysis (T-64000, Horiba/Jobin-Yvon, Kyoto, Japan) was carried out in order to
investigate the presence and the different degree of crystallinity of hydroxyapatite on the samples with
and without the polyphenols.
Laser microscope (Laser Microscope 3D & Profile measurements, Keyence, VK-x200 series, Osaka,
Japan) analysis was performed in order to investigate and quantify the growth of the extracellular
matrix on the surface of the samples. A map of all the samples was taken at 10× and an analysis of
the surface volume was conducted on single images. Data were analyzed with the software of the
machine (VK analyzer, Keyence Ltd. HQ & Laboratories, Osaka, Japan). Fluorescence microscopy
(BZ-X700; Keyence, Osaka, Japan) analysis was performed in order to understand cell viability and
osteocalcin production with or without polyphenols. Images were collected at 20× magnification
using three different probes: blue for cell nucleus (DAPI), red for dead cells (PI) and green for
osteocalcin (Hoechst33342).
5. Conclusions
Green tea polyphenols were successfully grafted to the surface of a chemically-treated titanium
alloy and their effect as cell stimulus was tested with the final aim of coupling inorganic and biological
mineralization abilities. The presence and activity of the grafted polyphenols on the surfaces were
observed and after cultures of mesenchymal stem cells, with or without the addition of osteoinductive
factors, the surfaces were analyzed. The analysis showed the presence of hydroxyapatite on all the
cultures, suggesting the differentiation of the cells into osteoblasts, and an increased presence of
collagen and HAp on the samples functionalized with polyphenols.
We can conclude that natural polyphenols are promising molecules that are able to promote
osteoblast differentiation and mineralization without the high costs of other osteoinductive factors.
The use of these molecules for functionalization of biomaterials surfaces seems to be an effective way
for in loco administration and overcoming the problem of dosage due to the digestive metabolism if
taken orally.
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