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1 | INTRODUCTION
The aim of this research was to obtain multifunctional bioac-
tive ceramics and glasses for bone implants by combining in-
organic materials and organic biomolecules grafted on them.
Bioactive glasses and hydroxyapatite were selected as
substrates for grafting because these are both well-known to
promote healing and to bond to bone and collagenous tissues
through different bioactive actions. At first, bioactivity is re-
lated to the formation of a hydroxycarbonate apatite (HCA)
layer on the glass surface after contact with biological fluids
(e.g., blood plasma). HCA forms through a series of chem-
ical reactions which occur within min to h after implanta-
tion.! Furthermore, bioactive glasses are bioactive because
these have osteoinductive behavior promoting differentiation
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An extract of polyphenols was obtained from organic red grape pomace, chemically
analyzed, and used for functionalization of two bioactive glasses and porous hy-
droxyapatite. Functionalization is effective on hydroxyapatite and the bioactive glass
with higher surface reactivity with a different grafting mechanism. Grafting does not
inhibit redox and radical scavenging activity of polyphenols. The grafted polyphenols
make a continuous layer with an almost complete surface coverage. Polyphenols are
released with different kinetics according to the mechanism of grafting and maintain
their redox activity. A homogeneous thin layer of polyphenols is still firmly grafted
on both substrates after 28 days of soaking and it still maintains radical scavenging

activity. The functionalized samples can be sterilized by gamma irradiation.

bioactive glass, hydroxyapatite, polyphenols, surface modification

into an osteoblastic phenotype, encouraging the formation
of bone matrix and getting an optimal mineralization of the
tissue.” As implants, bioactive glasses are mainly used to re-
store interfaces or to fill a cavity.3

Hydroxyapatite, as the main inorganic component of
bone, has long been known to be a biocompatible and os-
teoconductive ceramic material. Upon in vivo implantation
in bone, a hydroxyapatite layer is precipitated on its surface
leading to a chemical bond with the bone.* Furthermore, hy-
droxyapatite is bioactive because of the tight interplay with
collagen fibrils and newly formed hydroxyapatite.5

Polyphenols (mixture of phenolic acids and flavonoids)
were selected as biomolecules to be grafted because these
are well-known for anti-inflammatory and -oxidant ac-
tionss; these are active both for the protection and formation
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of biological tissues. In the case of bone, polyphenols can
counteract the shift toward osteoclastogenesis in bone-loss
pathologies7 and are effective on osteoblasts through differ-
ent signaling pathways.8 There is clinical evidence that poly-
phenols have beneficial effects preventing the destruction of
the gingival connective tissue and alveolar bone occurring
in case of periodontitis(”8 an inflammatory disease of poly-
microbial origin affecting 30% of adults.’ Polyphenols are
characterized by important anti-inflammatory properties and
redox activity through the numerous OH groups exposed on
the aromatic rings.10

In this research, polyphenols are extracted from an or-
ganic red grape pomace because the winemaking byprod-
ucts (grape skins and seeds) are one of the richest sources
of natural phenolic compounds.” The specific goal of this
research was the addition of polyphenols to ceramic and
bioactive glasses and chemical characterization of the func-
tionalized materials. In the final application, these materials
are of interest for local action (anti-oxidant, -bacterial, -viral,
-allergic, -inflammatory effects) on the surrounding tissues
after implantation. Two bioactive glasses with different re-
activity and sintered hydroxyapatite have been considered as
substrates. The type of chemical bond between the grafted
polyphenols and the substrates is also investigated. In case
of physical adsorption or weak electrostatic interaction, fast

release (within some h) in the surrounding tissues and physio-
logical fluids can be expected, while moving toward covalent
or strong electrostatic bonds slow release (several days) can
be expected. This is of relevance because the biological ac-
tivity of the functionalized implants can be based on a release
mechanism or a direct contact mechanism with the cells.

2 | MATERIALS AND METHODS

2.1 | Samples preparation

The names of all the samples and solutions are reported in
Table 1. Two silica-based bioactive glasses were used: The
composition of SCNA or A (Table 1) is given as: 57.0%
mol SiO,, 6.0% mol Na,O, 34.0% mol CaO, and 3.0% mol
ALO,,"" whereas the composition of SCNB or B (Table 1)
is given as: 55.6% mol SiO,, 22.7% mol Na,O, and 21.7%
mol CaO. Glass bars (10 mm diameter) were obtained by the
melt and quenching process in a platinum crucible at 1550°C
for 1 h for SCNA and at 1450°C for 2 h for SCNB. The melt
was cast into a cylindrical brass mold preheated at the tem-
perature of the annealing: SCNA was annealed at 600°C for
10 h and SCNB at 520°C for 6 h. The bars were cut in slices
2-mm thick with a diamond blade (IsoMet High Speed Pro,

L. L. . TABLE 1 Table of acronyms and their
Name and description Acronym Characterization techniques .
descriptions
Hydroxyapatite H UV-Vis spectroscopy, F&C test, DPPH test,
Zeta Potential, Fluorescence microscopy,
XPS
SCNA A F&C test, DPPH test, Zeta Potential
SCNB B UV-Vis spectroscopy, F&C test, DPPH test,
Zeta Potential, Fluorescence microscopy,
XPS
Freeze-dried extract of P Spectrophotometric analysis, HPLC, XPS
polyphenols
Pomace Flour PM Spectrophotometric analysis, HPLC
Functionalizing solution H,0+P HPLC, F&C test, Zeta Potential
Removal Solution RemS HPLC
Functionalized substrates ~ A+P, H+P, UV-Vis spectroscopy*’ F&C test, DPPH
with polyphenols B+P test, Zeta Potential, Fluorescence

microscopy*’ XPS"

UV-Vis spectroscapy*’ F&C test” DPPH
test” Fluorescence microscopy*

Functionalized substrates ~ A+P28, H+P28,

after the release test B+P28
in water
Functionalized substrates  A+P_S, H+P_S,
after sterilization B+P_S microscopy’
Uptake solutions of the Uptake A, F&C test
solid samples Uptake H,
Uptake B

*indicates that A samples were not characterized with the mentioned technique.

UV-Vis spectroscopy*‘ Fluorescence
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Buehler). Polishing was performed with abrasive SiC papers
(120-4000 grit).

Hydroxyapatite (Ca;q(PO,)s(OH), — called H) disks
(12 mm diameter) were prepared from o-tricalcium phosphate
(<53 pm, a-Caz(POy),) and tetracalcium phosphate (<53 pm,
Ca,(PO,),0), both from Himed Itd., USA, at a molecular ratio
of 2:1. The powders were mixed thoroughly, then excess water
was added to the mixture and the slurry was kept overnight at
40°C to allow hydroxyapatite formation. The excessive water
was dried out to obtain cakes that were ground into powdery
form. 0.60 g of the powder was weighed and pressed at 1400 N
force in a 13 mm diameter mold to obtain 2-mm-thick disks.
The disks were placed on an aluminum oxide surface and sin-
tered at 1200°C for 10 h to reach the desired consolidation.

2.2 | Glass surface activation

The surface hydroxyl groups of the bioactive glasses were
exposed as explained in'>13: Washing in an ultrasonic bath
once in acetone for 5 m, three times in ultrapure water, and
drying at room temperature.

2.3 | Extraction of polyphenols from
grape pomace

The fermented pomace of organic Barbera grapes was sam-
pled at Tre Secoli winery (Mombaruzzo, AT, Italy) at rack-
ing off, after soft pressing (0.5 bar). The whole pomace (skins
+seeds) was dried in a ventilated oven (48 h, 35°C), then
milled (coffee grinder, 1 min) to obtain pomace flour (pow-
der) (PM). The extraction of polyphenols was performed ac-
cording to'*: The PM was extracted with the mixture ethanol/
water (1:1), with the extraction ratio 1:6 w/v flour/solvent
(100 g flour in 600 ml solvent), in a shaking stirrer for 2 h at
room temperature. The extract was centrifuged at 18°C for
20 min at 2880xg (Centrifuge 5810 R Eppendorf—Hamburg,
Germany), then the supernatant was separated from the solid
residue, and freeze-dried.

2.4 | Surface functionalization

The functionalizing solution (H,O+P-Table 1) is made of
freeze-dried polyphenols in ultrapure water with a concentra-
tion of 5.0 mg/ml'*"* mixed for 1 h at room temperature in
darkness. Each substrate was soaked in 5 ml of the function-
alizing solution for 3 h at 37°C in darkness. The temperature
and duration of the functionalization process were set accord-
ing to'® in order to avoid degradation of the polyphenols and
excessive pH increase due to ion release by the substrates.
The functionalized samples were washed twice in ultrapure
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water, dried at room temperature, and stored in darkness. The
uptake solutions, at the end the functionalization process,
were analyzed as explained in Table 1.

2.5 | Release test

Six functionalized samples, for each type of substrate, were
submitted to a release test for 4 weeks. Each sample was im-
mersed in 15 ml of ultrapure water in darkness for 28 days at
37°C. Ultrapure water was selected as a release medium in
order to separate the release phenomenon from the bioactiv-
ity process. Soaking water was replaced at each experimen-
tal time (1-7 —14-28 days) and analyzed with the F&C test
(Section 2.10). After 28 days, the samples were characterized
as described in Table 1.

2.6 | Sterilization

The samples were packed and sterilized with gamma radia-
tions at 25 kGy (standard sterilization for medical devices,
Medical Device Directive) by Gammatom (Guanzate, Como,
Italy); sterilization was monitored through a dosimeter, pre-
viously applied to the packaging.

2.7 | Detachment of polyphenols from the
functionalized samples

Three samples of H+P were washed in a solution (5 ml) of
50% of ultrapure water and acetone in an ultrasonic bath for
10 m to detach the grafted polyphenols from the surface.'® It
is called removal solution (RemS - Table 1).

2.8 | Characterization of the
polyphenolic extract

2.8.1 | Spectrophotometric analysis

The freeze-dried extract was dissolved in 3 ml methanol.
Total anthocyanins, flavonoids, polyphenols, and flavans re-

acting with vanillin were determined by spectrophotometry'’
some details are reported in Data S1.

2.8.2 | Characterization of condensed tannins
(phloroglucinolysis method) and quantification of
flavan-3-ols monomers by HPLC

Phloroglucinolysis is the acid-catalyzed cleavage of the con-
densed tannins (proanthocyanidins) in the presence of excess
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phloroglucinol as a nucleophile molecule.”® The method
consists of the phloroglucinolysis reaction and the HPLC
analysis of the reaction products. The operating protocol is
described in>!" The total condensed tannins content, their
mean degree of polymerization (mDP), and the percentage
of each constitutive unit were determined. Monomer flavan-
3-ols ((+)-catechin and (-)-epicatechin) were determined
with the same HPLC method used for the phloroglucinolysis
method, excluding the reaction with phloroglucinol, as re-
ported earlier; some details are reported in Data S1.

2.9 | UV-Vis spectroscopy

UV visible analyses were performed on solid samples by
means of a UV-vis spectrophotometer (UV2600 Shimadzu
equipped with the integrating sphere) in reflectance for hy-
droxyapatite and transmittance for the glasses. In the case of
the liquid specimens, both the whole spectrum (250-700 nm)
of the solutions and specific signals after the colorimetric
tests (Folin&Ciocalteu, Section 2.10 and DPPH, Section
2.11) were measured.

2.10 | Total phenols by F&C test
(Folin&Ciocalteu test)

The test, based on the evaluation of the absorbance of the wave-
length at 760 nm through UV-Vis spectroscopy, was carried
out to quantify the total phenols as Gallic Acid Equivalents
(GAE).20’21’22 The F&C reagent (Folin&Ciocalteu phenol re-
agent, Sigma-Aldrich) was used to carry out the test and the
obtained solution was analyzed with UV-Vis spectroscopy
after 2 h of reaction; some details are reported in Data S1.

2.11 | Radical scavenging activity by
DPPH test

The DPPH test was performed following.23 Each sample was
placed in a dark container and soaked in 3 ml of the prepared
DPPH solution at room temperature in darkness for 4 h. The
measure of the absorbance was performed at 515 nm after 4
h; the same measurement was repeated after 24 h in accord-
ance with.**

2.12 | Zeta Potential titration measurements

The zeta potential titration curves were measured with an
electrokinetic analyzer (SurPASS, Anton Paar) on the solid

samples. Two samples were put parallelly, at about 100 pm,
and zeta potential was measured as a function of pH in a

0.001 M KCI electrolyte solution with an automatic titra-
tion unit. The same couple of samples was used both for
the acidic (firstly) and basic (later) range, starting at pH 5.5
in both cases. Concerning the functionalizing solution, the
zeta potential curve was obtained through the measurement
of the electrophoretic mobility (Nanosizer Nano Z, Malvern
Instrument, Malvern) changing pH step by step from pH 2.5
to 9 by adding HC1 0.05 M or NaOH 0.05 M.

2.13 | Fluorescence microscopy

Fluorescence microscopy was performed through a confocal
microscope (LSM 900, ZEISS) equipped with a fluorescent
light source and a red filter (573 nm); magnification was set
at 200X and the exposure time at 1 s. Polyphenols autofluo-
rescence is described in.**°

2.14
(XPS)

X-ray Photoelectron Spectroscopy

Chemical analysis was performed by means of X-ray
Photoelectron  Spectroscopy (XPS, PHI 5000 VER-
SAPROBE, PHYSICAL ELECTRONICS). 400x400 pm
areas were analyzed on each sample. Survey spectra were
acquired between 0 and 1200 eV. High-resolution spectra of
C, O, and Caregions were acquired and referenced by setting
the hydrocarbon C1 s peak to 284.80 eV (to guarantee the
charging effect compensation).

3 | RESULTS
3.1 | pH variation during the
functionalization processes

The pH value of the functionalizing solution (H,O+P)
is 3.6; it is stable during the functionalization process of
SCNA, whereas pH increases to 5.7 in the uptake solution
of hydroxyapatite (Uptake H) and to 4.6 for SCNB (Uptake
B). The increase in pH of the uptake solutions of H and B
(Uptake H and Uptake B) is due to surface reactivity and ion
exchange ability of these substrates; it is less evident for A
(Uptake A) due to the lower surface reactivity of this glass.

3.2 | Polyphenolic characterization of the
pomace extract, functionalizing, and
removal solutions

The total polyphenolic content (Table 2) refers to the dry
weight (DW) of pomace flour (PM) (skins +seeds, milled)
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and to the DW of the freeze-dried extract (P). The GAE
index is the most used spectrophotometric parameter to
evaluate the potential antioxidant properties. The total fla-
vonoid index, based on the property of polyphenols to ab-
sorb at 280 nm—and the index of flavans reactive with
vanillin, which expresses the concentration of low molecular
weight tannins—were also determined by spectrophotom-
etry. The monomer flavan-3-ols and the condensed tannins
(or flavans, the polymeric forms of flavan-3-ols) were also
quantified by HPLC. The most abundant compounds in the
analyzed PM and freeze-dried extract are the condensed
tannins (Table 2), whereas monomer flavan-3-ols only ac-
count for about 5% of the polymeric forms. The monomer
units which compose the condensed tannins of grape skins
and seeds are (+)-catechin,(—)-epicatechin,(—)-epicatechin-

TABLE 2 Polyphenolic composition (average values

+ standard deviation, n = 3) of the grape pomace extract,

referred to the dry weight (DW) of the pomace flour (skins +

seeds, milled) and of the freeze-dried extract. mDP = mean

degree of polymerization; G % = percentage of galloylation;

EGC = (—)-epigallocatechin; C = (4)-catechin; EC = (—)-epicatechin;
ECG = (—)-epicatechin-3-O-gallate

Pomace flour Freeze-dried

(PM) extract (P)
Total polyphenols—GAE 7.3 +0.3 182 + 16
(mg/g)
Total anthocyanins (mg/g) 1.5 + 0.03 35+3
Total flavonoids (mg/g) 11.0 +0.10 200 + 13
Flavans react. vanillin 2.1+0.08 61 +2
(mg/g)
mDP 3.5+0.10 4.2 +£0.07
G % 17.0 +0.20 18.4 + 0.5
Condensed tannins (mg/g) 2.6 + 0.07 95 +45

Principal monomeric units (%)

EC 73.0+1.12 712+ 0.6

© 27.0 +1.12 28.8 +0.6
Extension units (%)

EGC 0.94 +0.07 33+£02

C 14.3 £ 0.60 188 +0.5

EC 425+ 1.18 393+£0.7

ECG 13.3+0.22 149+04
Terminal units (%)

C 12.8 + 0.54 10.0 + 0.6

EC 12.5 + 0.34 102 +0.2

ECG 3.7 +0.04 35+0.1
Flavan—3-ols (mg/g)

C 0.063 +0.01 1.72 £ 0.07

EC 0.077 £ 0.01 1.97 £ 0.07

ECG traces 0.12 + 0.03
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3-0O-gallate and (—)-epigallocatechin27; the latter limited to
the skin. (—)-epicatechin is the most abundant monomer unit
and approximately 20% of the flavan-3-ols in tannins are es-
terified with gallic acid (galloylated form). The freeze-drying
process increases the concentration of the polyphenolic com-
pounds and the mean polymerization degree of the condensed
tannins (mDP), which increases from 3.5 to 4.2 units. After
freeze-drying, the percentage weight of the monomer units
of the condensed tannins remains unchanged; a slight varia-
tion is observed in the percentage distribution of the different
monomers between terminal and extension units, because of
the increased size (mDP) of the flavanic chains.

The content of condensed tannins was evaluated in the
functionalizing solution (before functionalization) (Table
3), as well as in a RemS (see Section 2.7); functionalized
hydroxyapatite was selected to obtain RemS because of the
highest amount of grafted polyphenols with respect to the
glasses. Concerning the functionalizing solution, the mean
degree of polymerization (mDP) drops from 4.2 to 2.9 units,
and the galloylation degree (G%) from 18.4 to 15.9% with
respect to the extract. Conversely, (—)-epicatechins remain
the most abundant monomer unit and the percentage weight
of C and EC remains unchanged. Concerning the RemS,
the concentration of condensed tannins was modest com-
pared to the functionalizing solution. The composition of
condensed tannins varied with respect to the functionalizing
solution: In particular, the percentage weight increased for
(+)-catechin and decreased for (—)-epicatechin, whereas the

TABLE 3 Content and composition of condensed tannins
in the functionalizing solution and in the removal solution
from hydroxyapatite. mDP = mean degree of polymerization;
G % = percentage of galloylation; C = (+)-catechin;

EC = (—)-epicatechin; ECG = (—)-epicatechin-3-O-gallate

Functionalizing Removal
solution (H,O+P) Solution (RemS)
mDP 2.9 2.6
G % 15.9 7.4
Condensed tannins 15.3 1.9
(mg/g)
Principal monomeric units (%)
EC 70.3 47.8
C 29.7 52.2
Extention units (%)
C 17.7 22.3
EC 37.0 314
ECG 11.3 7.4
Terminal units (%)
C 12.0 29.9
EC 17.4 9.0
ECG 4.6 traces
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galloylation degree (G%) was halved. The selective grafting
of (+)-catechin is of interest because of stereospecificity of
catechins in their biological activity that is also related to the
degree of polymerization, molecular weight, and percentage
of galloylation.”® The mean polymerization degree (mDP) of
the condensed tannins remained practically unchanged com-
pared to that of the functionalizing solution.

3.3 | UV-Vis spectroscopy and F&C
test of the functionalizing and uptake solutions

The analysis of the functionalizing and uptake solutions was
also performed by UV-Vis spectroscopy (Figure 1.1). The
amount of polyphenols grafted onto the substrate is negligible
in comparison with the concentration of the functionalizing
solution, making the difference after functionalization incon-
siderable. Therefore, the up-take solutions are not reported
in Figure 1.1. Two main peaks are visible in Figure 1.1: The
first one (at 280 nm) corresponds to all polyphenols and is
due to the aromatic ring,29 whereas the second one at 530 nm
belongs to anthocyanins at acidic pH.22 The two overlapped
peaks around 320 and 370 nm are characteristic of hydroxy-
cinnamic acid* and quercetin (belonging to flavonols).* The
results of the F&C test of the functionalizing and uptake solu-
tions are compared in Figure 1.2. There are no significant dif-
ferences before and after the functionalization process on the
different substrates. It can be evidenced that the polyphenols
are not altered despite the increase in pH.

1.1
2 —H20+P
18 /]
16 M1
©14 |
Q |
51,2 Fol |
2 1r : :
o8 [ ! !
Bog || i
Loa | |
0,2 | Phenolic compounds Anthocyanins
o Lileorerste i et r (i G e Iy
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)
1.2 15
£ 1
o
E
2 0.5
(L)
0
H20+P UptakeH | Uptake B | Uptake A
’EIGAE (mg/ml)| 0.9113 0.8998 0.8000 0.7546
FIGURE 1 Characterization of the functionalizing solution

through UV-VIS spectroscopy (1.1); results of the F&C test on the
functionalizing and uptake solution (1.2)

It can be noted that the uptake solutions of the substrates
A and H (Uptake A, Uptake H) have a lower standard devia-
tion compared to the functionalizing solution and the uptake
of the substrate B (Uptake B).

3.4 | F&AC test on the solid samples and
soaking water of the release test

The as-prepared substrates and a control solution (Control
GAE) were analyzed as a reference (Figure 2). The null value
on the control solution evidences no systematic error in the
test (Figure 2). The first comparison is done among the bare
substrates: GAE on A is zero, whereas H and B have a low
chemical reducing ability. After the functionalization pro-
cess, the increase in GAE on A+P (with respect to A) is not
significant, whereas it clearly increases on H+P and on B+P
(vs. H and B) (Figure 2). It means that the grafting of poly-
phenols to a bioactive glass is strictly connected to its surface
reactivity and c:omposition.12’15’3l’32 The lower reactivity of
A is due to alumina which increases the stability of the bio-
active glass.”> Because of the low amount of grafted poly-
phenols on A, this substrate was not used for some further
tests (such as the measure of GAE after the release test and
sterilization). The positive outcome of the test on B + P and
H + P evidences also that the grafted polyphenols maintain
their chemical redox activity. The highest GAE value is ap-
preciable on H + P as expected because of the high specific
surface and surface reactivity of this porous ceramic.

The GAE was measured also on H + P28 and B + P28:
These are the functionalized samples after 28 days of soaking
in water. The GAE values show after soaking a clear decrease
down to the value of the as-prepared substrates (H and B).
The soaking water of each sample was analyzed by the F&C
test after 1, 7, 14, and 28 days of the release test (Table 4).
Concerning H + P, there is a slow release of polyphenols
at 1, 7, and 14 days, with low values of GAE registered in
the soaking water. However, the release occurs mainly with
longer times with a high value of GAE registered at the end
of the release test (28 days). Differently, B + P has a quick
release of polyphenols into the water during the first day, then
the release remains very low and constant during the subse-
quent 2 weeks, to increase again at 28 days. These results will
be discussed in Section 3.5. The use of ultrapure water as a
release medium allows to focus the attention on polyphenol
release. Release test in SBF can lead to the simultaneous re-
lease of polyphenols and ions and hydroxyapatite precipita-
tion making more difficult the final result interpretation. The
release in more complex solutions can be considered as the
future development of the work.

The value of GAE registered on the functionalized sam-
ples after sterilization was obtained (H+P_S and B+P_S—
Figure 2) and it is analogous to the as functionalized samples
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_—1 M | ™M —_
B B+ B+P28 B+PS A A+P

O GAE (mg/ml) 0.0000 0.0009 0.0393 0.0010 0.0337 0.0006 0.0037 0.0007 0.0033 0.0000 0.0003

FIGURE 2 Results of the F&C test modified for the solid samples. GAE values measured on the control (Control GAE), unfunctionalized
substrates (A, H, B) and functionalized (A+P, H+P, B+P) samples, as well as on the functionalized samples after the release test in water for

28 days f(H+P28, B+P28) or sterilization (H+P_S, B+P_S)

TABLE 4 GAE values measured on water after 1 day, 7 days,
14 days and 28 days of soaking of the H+P and B+P substrates

GAE (mg/ml)

1d 7d 14d 28d
Control 0.0000  0.0000 0.0000 0.0000
Soaking water H+P 0.0002  0.0001 0.0003 0.0110
Soaking water B+P 0.0017  0.0001 0.0001 0.0015

(H+P and B+P), suggesting that grafted polyphenols main-
tain their redox activity after sterilization.

3.5 | DPPH test on substrates, functionalized
samples, and after the release test

The scavenging activity of the hydroxyapatite substrate (sam-
ple H) is low even if not null. The elevated surface-to-volume
ratio of the porous hydroxyapatite substrate allows to graft a
high amount of polyphenols and it results in a high scaveng-
ing activity of the functionalized surface. Therefore, the RSA
percentage increased over 80% on H+P (Figure 3). Finally,
considering RSA as a function of time, it is also possible to
appreciate how the antioxidant activity of the functionalized
samples increases over time: The ability of polyphenols to
scavenge the DPPH radicals is higher when evaluated after
24 h than after 4 h. The phenomenon is easily appreciated in
H+P at 24 h.

Concerning substrate B, the radical scavenging activity of
the as-prepared material is null (Figure 3), as the material
does not show any activity. On the other hand, B+P (Figure
3) shows a significant antioxidant activity measured both
after 4 and 24 h. The high RSA observed for H+P and B+P
evidence that polyphenols maintain their scavenging activity
also after grafting.

Both the RSA percentages of A and A+P are low:
These do not reach 10% (Figure 3) and the scavenging ac-
tivity, caused by the presence of polyphenols, is negligible,

confirming the low amount of grafted polyphenols on this
substrate already observed in the F&C test. This is the reason
why the DPPH test is not performed on the sample A+P after
release in water.

The high percentage of RSA of the samples soaked in
water (H+P28 and B+P28) demonstrates that there is not
a loss of scavenging ability after soaking in water on these
functionalized surfaces. In the DPPH test performed at 24 h,
H+P28 and B+P28 do not show differences in comparison
to H+P and B+P, differently from the F&C results. The dif-
ference registered between the results of the F&C and DPPH
tests performed on the samples after 28 days of release can be
explained considering that the DPPH test is sensitive to the
outermost surface layer of firmly grafted polyphenols. On the
other hand, the F&C test, generally employed for redox com-
pounds in liquid solutions and here adapted by the authors
to the solid samples,“’25 is mainly sensitive to the molecules
adsorbed on the surface and released into the reagent during
the test, rather than to the firmly grafted ones.

3.6 | Zeta Potential titration measurements
Zeta potential titration curves, as a function of pH, were ac-
quired, respectively, on the polyphenols in an aqueous en-
vironment and on the investigated surfaces (Section 2.12);
the two types of measurements were performed by different
equipment, but the results can be compared. Zeta potential
measurements give information on the isoelectric point, hy-
drophilicity, exposition of acid/basic functional groups, and
surface chemical stability in contact with an aqueous envi-
ronment at different pH, as explained in Data S1.

The presence of acidic functional groups in the polyphe-
nols results in IEP at pH 2 of their solution (Figure 4.1), as
obtained through interpolation of the curve. Along the zeta
potential titration curve of the polyphenols, two changes
in slope can be evidenced, one around pH 4 and the other
around pH 6: these are caused by deprotonation of two types
of OH groups, the carboxylic and the phenolic one, respec-
tively. The former behaves as an acid stronger than the latter.
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FIGURE 3 Radical scavenging activity
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g 60 and 24 h from the beginning of the test:
< A control solution (Control DPPH), the
& 40 unfunctionalized (A, H, B), functionalized
20 samples (A+P, H+P, B+P), and the samples
0 = i | =6 after the release test (H+P28, B+P28)
Control| H H+P | H+P28 A A+P B+P | B+P28
0O4h 0 5 59 61 4 5 51 34
24h 0 6 86 68 5 7 64 50
—=—H --o- HiP 4+ H20+P —=—B ---B+P & H20+P —a—A --o- A+P 4 H20+P
80 80 80
60 acid titration basic titration 60 acid titration basic titration
a0 = 40 40
= < <= 20
E 20 3,8 E 20 E
30 5 0 s
€ E €
5 -20 i g 20 g
o o ]
E -40 P E -40 E
-60 -60
-80 -80 ool +——
acid titration basic titration Lanas R g
-100 -100 -100
a1 2 4 6 8 10 a2 2 a 6 8 10 43 2 a 6 8 10
pH pH pH

FIGURE 4 The zeta potential titration curves of the analyzed samples. (4.1) Hydroxyapatite before (H) and after functionalization (H+P) with
a magnification of the acidic range. (4.2) SCNB before (B) and after functionalization (B+P). (4.3) SCNA before (A) and after functionalization
(A+P). The curve of polyphenols in water (H2O+P) is reported in each figure as a reference

The zeta potential titration curves of H and H + P are com-
pared (Figure 4.1). H has IEP at pH 3 and marked reactivity
below pH 3.5, as it can be deduced from the high values of
standard deviation. At pH higher than 5.5, there is a plateau at
—35 mV: OH functional groups with acidic chemical reactivity
(according to the low value of IEP) are completely deproton-
ated at pH 5.5 or higher. Concerning H+P, there is an incre-
ment of IEP up to pH 3.5 for H+P with respect to H (Figure
4.1). The standard deviation at acidic pH, always elevated, is
nonetheless lower for H + P compared to bare H (as observable
in the insert of Figure 4.1). It can be assessed that the surface
zeta potential of H is not significantly changed by functional-
ization, but chemical stability in the acidic range is higher.

On the other side, the surface of B + P has zeta poten-
tial values lower than B at any pH (Figure 4.2). IEP is at pH
3.4 for B, while it is calculated, through interpolation of the
curve, around 2 for B+P. Both the surfaces have a plateau
with onset around pH 5.5. Furthermore, the high error bars
of the curve of B indicate a high surface reactivity of B in the
basic range. This phenomenon is avoided by the presence of
polyphenols on the B+P surface, whereas on the contrary,
the error bars become larger in the acidic range below pH 4.
These results will be discussed in detail in Section 3.9.

A and A+P (Figure 4.3) have zeta potential titration
curves with a very similar trend: No significant difference
(equal or larger than 20 mV) in zeta potential can be detected.
The IEPs of the substrate (A) and functionalized bioactive
glass (A+P) differ only by of 0.1 (2.7 with respect to 2.6).
Standard deviation is almost null at any pH, mainly because
of the high chemical stability of A.

3.7 | Fluorescence microscopy

Fluorescence microscopy images are reported in Figure 5. H
does not emit any red fluorescent signal, whereas H+P has an
intense and homogeneous fluorescent signal (Figure 5.1, 5.2)
due to autofluorescence of the grafted polyphenols. After
4 weeks of soaking in water (release test), there is a weak, but
the uniform distribution of polyphenols on H4+P28; the inten-
sity of the red fluorescent signal decreases (Figure 5.3), and
yellow and orange shades appeared on H+P28: It confirms
that polyphenols are not completely released. Concerning
H+P_S (Figure 5.4), there is not a significant change of the
polyphenols layer both for the signal intensity and distribu-
tion because of sterilization.
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5.7 B+P_S

FIGURE 5 Red fluorescence images of the samples. (5.1) Hydroxyapatite (H); (5.2) functionalized hydroxyapatite (H+P); (5.3) functionalized
hydroxyapatite after the release test in water (H+P28); (5.4) functionalized hydroxyapatite after sterilization (H+P_S); (5.5) SCNB after a
controlled washing procedure (B); (5.5.1) SCNB after conventional washing (B); (5.6) functionalized SCNB (B+P); (5.7) functionalized SCNB
after the release test in water (B+P28); (5.8) functionalized SCNB after sterilization (B+P_S)

In the case of substrate B (Figure 5.5, 5.6), it must be
considered that B is naturally covered by a layer of carbon-
ates here easily observable because of their fluorescent sig-
nal (Figure 5.5.1). The carbonates are formed in presence
of water and C0231 during conventional washing and dry-
ing of the glass surface (paragraph 2.2). A specimen of B
was soaked in water for 3 h at 37°C and quickly dried with
compressed air, to avoid the formation of carbonates: This
sample can be used as a control glass surface without car-
bonates™ (Figure 5.5, 5.5.1). The amount of grafted polyphe-
nols on B+P (Figure 5.6) is significant as derived from the
high fluorescent signal. There are both red (dark) diffused
signal and large bright spots showing the presence of both
a continuous layer and agglomerates of polyphenols on the
surface. It can be supposed that the formation of a layer of
silica gel on the surface of this bioactive glass during soaking
in an aqueous environment plays a role in the grafting mech-
anism of a continuous layer of polyphenols on this substrate
(Section 3.9). The supposed formation of the layer of silica
gel (hydrated layer) is coherent with the FTIR-ATR peak at
900-500 cm™" observable on B + P28 sample, after soaking
in water (Data S1). Soaking in water for 28 days induces a
complete release of the polyphenols agglomerates. In fact,
there is no more large bright red spot on B+P28. The dark
red diffused signal is attenuated, but still visible on B+P28
confirming that a layer of polyphenols is still grafted after
soaking. About B+P_S (Figure 5.8), there is a decrease in the

fluorescence intensity, especially concerning the continuous
layer: Polyphenols grafted on B are a bit less stable to steril-
ization than on H.

3.8 | UV-VIS spectroscopy of the
solid samples

The UV-Vis spectra of H, H+P, H+P28, and H+P_S are
shown in Figure 6.1. The reflectance of H is high and it has
a plateau in the range 450-700 nm, whereas it progressively
decreases in the range 250-400 nm. On the other hand, H+P
has a very low reflectance up to 600 nm: The presence of a
glare-free coating due to the grafted polyphenols is evident.
H+P and H+P_S have comparable UV-Vis spectra. H and
H+P28 are characterized by similar, even if not identical re-
flectance (a lower reflectance of H+P28 is observable), con-
firming the release of a part of polyphenols.

The sample B has an elevated percentage of transmittance
in the visible range, as expected for transparent material;
from 400 nm toward lower wavelengths, transmittance de-
creases (Figure 6.2). The same trend is followed by B+P, and
B+P_S, but presenting lower values of transmittance per-
centage due to the layer of grafted polyphenols12 (Figure 6.2)
mainly in the range 320400 nm. B+P_S has a great alter-
ation of the UV-Vis spectrum, caused by the variation of the
glass lattice structure, upon irradiation, which is not related
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to the grafted polyphenols.34 The curve of B4+P28 has a shape
and values close to B, evidencing a reduction of the shield-
ing effect which can be correlated with polyphenols release,
as confirmed by the other tests. The significant decrease in
reflectance/transmittance in the UV range observed for H+-P
and B+P a, can be associated with the shielding action of
polyphenols in the UV range.11 Flavonols and hydroxycin-
namic acids, in fact, have UV screening properties: The first
ones absorb the UV-A (approximately 320-400 nm) and
the second ones absorb the UV-B radiations (approximately
280-320 nm)> as confirmed by the UV-Vis spectra of the
functionalizing solution (Figure 1).
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FIGURE 6 The reflectance spectra of hydroxyapatite and

the transmittance spectra of SCNB through the use of UV-Vis
spectroscopy. (6.1) Hydroxyapatite (H), functionalized hydroxyapatite
(H+P), functionalized hydroxyapatite after the release test in water
(H+P28) and functionalized hydroxyapatite after sterilization
(H+P_S); (6.2) SCNB (B), functionalized SCNB (B+P),
functionalized SCNB after the release test in water (B+P28), and
functionalized SCNB after sterilization (B+P_S)

C (0] Ca Ti N P
P 69 28.7 0.2 - 1.5 0.7
H 22 51.3 15.4 - - 9.4
H+P 54.8 39.1 3.6 - - 1.1
B 62 26.8 1.4 - - -
B+P 61.1 323 3.6 - - 1.5

Na

1.9
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1.5

3.9 | XPS analysis of the extract and
substrates (before and after functionalization)

The chemical composition of the freeze-dried extract of poly-
phenols (P) and of the surfaces before and after functionali-
zation, as detected by XPS, is reported in Table 5.

The freeze-dried extract (P) is mainly constituted by C
and O; Ca, N and P can be considered as contaminants. The
surface of H is mainly constituted by O, Ca, and P, as ex-
pected for calcium phosphate. After polyphenols grafting
(H+P), a significant increase in the carbon content can be
observed as expected because of the presence of the grafted
polyphenols. The surface of B is mainly constituted by O,
Ca, Na, and Si, according to the glass composition. The high
intensity of carbon can be ascribed to surface carbonation, as
previously observed by the authors on bioactive glasses with
high surface reactivity.'>** After polyphenols grafting, no in-
crease in C is detectable (due to the high initial concentration
of C), O slightly increases, Ca almost triples and P appears
on the surface in low concentration, whereas Na decreases
and Si disappears. XPS analyzes the outermost surface layer
of a surface (penetration depth less than 10 nm) and suggests
both for H+P and B+P an almost complete surface cover-
age by the polyphenols because the characteristic elements
of the substrates are hidden after functionalization. The high-
resolution spectra of C, O, and Ca are reported in Figure 7.
The spectrum of Ca is absent for P because this element is
negligible on that sample. Looking at H and B, three signals
can be observed in the carbon region (Figure 7C) at 284.48—
284.80, 285.52-285.76, and 288.76 eV. The first one, asso-
ciated with the C—C and C-H bonds, and the second one,
related to the C—O bond, can be ascribed to hydrocarbon con-
taminations from the atmosphere, always present onto reac-
tive surfaces.*®’ Finally, the signal at 288.48-288.76 eV can
be associated with carbonates,” as expected.'® In the oxygen
region, two contributions are observed on H (Figure 7D) at
530.74 and 532.02 eV, which can be, respectively, associated
with O in phosphates and hydroxyl groups.39 Three contribu-
tions can be observed in the oxygen region of the B sample
(Figure 7L): 531.21, 532.48 and 535.21 eV. The first one can
be associated with the oxides in the glass network,'” and the
second one with OH and carbonates on the glass surface,13 40
whereas the third one can be related to the Auger signal of
Na.* Finally, two contributions are noted in the Ca region

TABLE 5 Surface chemical

composition (at %) from the XPS survey

Si Mg

analysis

1.4
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FIGURE 7 XPS high-resolution spectra for P (A, B), H (C, D, E), H+P (F, G, H), B (1, J, K), and B+P (L, M, N)

on the H sample at 348.88 and 350.48 eV, reported in the
literature to be calcium phosphates of apatite.39 Two signals
can be noticed in the Ca region of the B sample (Figure 7M)
at 346.50 and 350.10 eV. The signals can be associated with
a calcium species with two peaks, Ca 2p5, and Ca 2p,, (spin-
orbit splitting) in the bioactive glass. The spin-orbit split can
be associated with calcium carbonate. Three main contribu-
tions can be evidenced in the carbon region for the sample P:
284.75, 286.28 and 287.60 eV can be, respectively, attributed
to C—C or C-H, C-0O, and C=0 bonds.*® Three contributions
can be observed also in the oxygen region: 531.39, 532.66

and 533.39 eV, which can be, respectively, associated with
the C—0O, O=C-OH and aromatic OH groups.%’37 Significant
modifications of the high-resolution spectra of H and B sur-
faces are evidenced after polyphenols grafting (H+P and
B+P). In the carbon region of H+P (Figure 7F), three con-
tributions are observed: 283.34, 285.10 and 287.52 eV. The
signal at 285.10 is associated with C—C and C-H bonds and
the one at 287.52 to C=0 bonds, as previously discussed for
the extract of polyphenols.36’37 The third signal is at lower
binding energies usually associated with C bonds with met-
als, with possible presence also of oxygen, as reported in*!
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for Al-O-C or in** for Ti-C. In the oxygen region of H+P
(Figure 7G), two main contributions can be noticed at 529.94
and 531.46 eV and a very low signal at 532.93 eV. The first
one is associated with the C=0O bond and the second one
with the O=C—OH bond.***” The third signal is associated
with adsorbed water, because it is attributed to linked water,
OH™ ions, or hydrogenophosphate.43 Finally, a shift of the
signals toward lower binding energies can be noticed in the
calcium region with respect to the H reference sample. This
shift is reported in literature concerning polyphenols-metal
complexes.44

The high-resolution spectrum of the carbon region for the
sample B+P (Figure 7N) evidenced three main contributions
at284.72,286.24 and 288.44 eV, which can be associated with
C-C/C-H, C-0O, and carbonates.*®*® The high-resolution
spectrum of the oxygen region for B+P (Figure 70) was sim-
ilar to the one of the freeze-dried extract (Figure 7B): Three
signals can be observed at 531.26, 532.57 and 533.39 eV
and associated with C—O, O=C-OH, and aromatic OH,36.37
Finally, the high resolution of the calcium region (Figure 7P)
has two signals at 347.12 and 350.72 eV, which are connected
to the Ca—O bonds.* The high-resolution XPS spectra of the
carbon and oxygen regions suggest some differences between
H+P and B+P. The signal at about 283 eV, due to the bond-
ing of carbon with metal ions,36’37 is evident on H+P, but
not on B+P. Moreover, the aromatic OH groups are clearly
visible on B+P, as on the spectrum of the extract, but not
on H+P. Finally, the high-resolution spectrum of Ca shows a
shift of the peaks to lower energy for H+P and not for B+P
(an opposite shift can be observed in this case). A decrease
in the characteristic binding energies of the metal ions (Ca®*
ions) has been associated with the formation of complex
compounds with polyphenols,41

XPS and zeta potential titration curves (Section 3.6)
should be combined to have complementary information
about the grafting mechanism. Zeta potential titration curve
of H evidences high reactivity of H in an acidic liquid as it is
in the functionalizing solution: The increase in the standard
deviation of the zeta potential of H at pH lower than 4% is due
to high surface reactivity and release of ions such as Ca’*.
The released Ca** ions form a bond with the phenolic groups
of the polyphenols (which are completely deprotonated at
pH 6 as showed by the zeta potential titration curve of the
functionalizing solution) and with the surface of H, acting as
mediators of grafting. The bond between the Ca*" ions and
the surface of H can occur through electrostatic attraction by
the hydroxyl groups of the H surface which are completely
dissociated at pH higher than 5.5 (as showed by the plateau in
the zeta potential titration curve of H) that is the pH value of
the Uptake H during the functionalization process. This kind
of grafting has been previously observed by the authors on
chemically treated titanium surfaces.*” In that case, the Ca**
ions were added into the functionalization solution, whereas

in the case of hydroxyapatite, the Ca’* jons are released by
the substrate during the functionalization process, these form
complex compounds with the polyphenols in the solution
which mediate the grafting mechanism to the surface.
Concerning B (Figure 4.2), a different mechanism of graft-
ing can be supposed. In this case, functionalization occurs at
pH 3.6-4.6 and polyphenols have deprotonated carboxylic
groups (not the phenolic ones) and the B surface has pro-
tonated OH groups. In this case, grafting occurs without the
Ca’* ions as mediators. A high surface chemical reactivity at
alkaline pH is highlighted for B by the zeta potential titration
curve, as expected for reactive silica-based materials.*® This
phenomenon is attenuated on B+P (standard deviation values
very low in the basic range), because of the presence of the
polyphenols, which cover and protect the surface, exercising
a shielding effect, able to reduce the reactivity of the surface
itself. This behavior suggests that the grafted polyphenols are
stable in the explored basic environment. On the contrary, the
standard deviation of the zeta potential values increases in the
acidic range for the B+P sample: This can be due to the in-
stability of the grafted polyphenols at pH lower than 4, when
their carboxylic groups, which are involved in the bond with
the surface, are protonated. A release of the grafted polyphe-
nols at this pH value can be hypothesized for this biomaterial.
Looking at the main results of the research, it can be as-
sessed that the extract of organic red grape pomace used in
this research contains monomer flavan-3-ols and condensed
tannins with a high percentage of (—)-epicatechin and a mod-
erate polymerization degree (mDP), as well as hydroxycin-
namic acids. When the freeze-dried extract is solved into
ultra-pure water (functionalization solution), it has an acidic
pH and condensed tannins with a lower mDP. The condensed
tannins grafted on the surfaces have a similar mDP as those
in the solution, but a higher percentage of (+)-catechin: The
grafted biomolecules are known to be active both for pro-
tection and formation of biological tissues and it will be of
interest to study these functionalized surfaces in a biologi-
cal environment. The functionalization process is effective
on H and B and it does not degrade polyphenols. There is a
difference in the amount of the grafted polyphenols on the
explored substrates: A significant amount is grafted on hy-
droxyapatite and bioactive glass B (higher surface reactivity),
whereas it is almost undetectable on bioactive glass A (low
surface reactivity because of the alumina content). Grafting
does not inhibit the chemical redox and radical scavenging
ability of polyphenols. The grafted polyphenols make a
continuous layer, but big agglomerates are also detected on
bioactive glass B. There is a different grafting mechanism
of polyphenols on H and B. It occurs through the mediation
of Ca®" ions and the phenolic groups of polyphenols in the
case of H, whereas it occurs through the carboxylic groups
of polyphenols and the OH groups exposed by the surface of
the substrate, in the case of bioactive glass B. The released
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polyphenols maintain their redox chemical reactivity and a
homogeneous thin surface layer of polyphenols is still firmly
grafted on both the substrates after 28 days of soaking and
it still has radical scavenging activity. Finally, the function-
alized samples can be sterilized by gamma radiation that is
a crucial prerequisite for the clinical application of a new
biomaterial.

The effects of the grafted polyphenols in terms of biolog-
ical response are not here investigated, but in the light of the
obtained results both an early (due to polyphenols release)
and long-lasting (due to the firmly grafted polyphenols) ben-
eficial effect can be expected in terms of osteogenic stimula-
tion and anti-inflammatory properties.

4 | CONCLUSIONS

This paper gives a new insight into the advantages of bioce-
ramics, such as hydroxyapatite, and bioglasses as implant
surfaces. The results suggest that polyphenols extracted from
red grape pomaces can be effectively grafted on hydroxyapa-
tite and bioactive glasses, if the glass is properly selected
in order to have sufficient surface reactivity. The grafting
mechanism depends on the substrate characteristics and can
involve Ca®" jons as mediators. Grafted polyphenols main-
tain their redox and radical scavenging activity, can be steri-
lized by gamma irradiation, and are released in water up to
28 days. However, after the release test, an active thin layer
of molecules is still present on the surface. In conclusion,
this functionalization route appears promising for the devel-
opment of multifunctional and sustainable innovative bioma-
terials for bone regeneration. The next step of this research
will be the characterization of the functionalized surfaces in
a biological environment.
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